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GEOLOGY AND GRAVIMETRY OF THE MUSTANG HILL 
LACCOLITH, UVALDE COUNTY, TEXAS 


ROBERT GREENWOOD AND VANCE M. LYNCH 


ABSTRACT 


Mustang Hill is one of about 90 small intrusions in Cretaceous sediments paralleling 
the Balcones fault zone of central Texas. Igneous activity in the province extends from 
earliest Cenomanian to Maestrichtian and includes some extrusive rocks. Faulting prob- 
ably overlaps this period but is mainly later. 

The Mustang Hill intrusion, 114 miles in diameter, is an analcitic basalt with 27 per 
cent olivine, resembling mafic members of alkaline basalt suites from Scotland and Aus- 
tralia. Presence of distinctively diopsidic clinopyroxene, with absence of orthopyroxene 


Ruckmick and pigeonite, is confirmed as characteristic of this nonorogenic magma type. Limestone 
flags (Eagle Ford formation) in the concordant floor of the intrusion dip 3°-10° centri- 
GARDNER petally and have been locally crumpled by the basalt in small-scale décollements over 
more massive limestone. Broader folding is related to subsidence beneath and around the 
Korn and intrusion. 
Field relations and geophysical findings justify the name laccolith for this quasi-con- 
cordant mass. A detailed gravity survey reveals an asymmetrical maximum over the 
intrusion with 2.2 milligals of Bouguer anomaly relief. The highest point on the anomaly 
oy is in the southwest portion of the exposed igneous rock, whence the anomaly drops off 
By N.N. sharply to the southwest, but has a relatively gentle gradient change to the northeast. 
The general shape of the anomaly suggests that the high point is associated with an ig- 
wicz, and neous feeder, and the gentle gradient to the northeast is probably associated with a tabu- 
lar body tapering away from the feeder. 
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INTRODUCTION 


Igneous rocks associated with the Balcones 


fault zone are known in Texas from Kinney 
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County on the west to Travis County on the 
east, with the greatest variety and concentra- 
tion in Uvalde County (Fig. 1). Most of them 
are plugs of nepheline basalt and related ultra- 
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mafic types, with a few phonolites and olivine 
basalts.! 

Lenticular bodies of fragmental igneous mate- 
rial in the same province represent submarine 
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was undertaken by Greenwood in 1955, as part 
of a research program at the University of 
Houston, financed by the General Crude Qj 
Company of Houston. This grant also paid for 
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FicurE 1.—IGNEOus ROCKS ALONG THE BALCONES FAULT ZONE OF CENTRAL TEXAS 


mud flows or pyroclastic rocks (Smiser and 
Wintermann, 1935; Greenwood, 1956). All oc- 
cur in Cretaceous sediments. 

Following the early work of Hill (1890), 
Vaughan (1900), and others, Lonsdale (1927) 
published a regional study of this petrographic 
province, referring to Mustang Hill as the 
“Mustang Waterhole” intrusion (p. 22, 75) 
The Pilot Knob focus, near Austin, has received 
particular attention (Durham, 1949) and has 
been the subject of a geophysical investigation 
(Romberg and Barnes, 1954). 

Mustang Hill was chosen for study largely 
because it is better exposed than other intru- 
sions of this petrographic province, and because 
the structural evidence for a shallow floor 
clearly invited geophysical investigation. 

Sayre (1936) mapped Uvalde County on a 
reconnaissance scale. The classic report on the 
Uvalde quadrangle by Vaughan (1900) does 
not include Mustang Hill but does provide a 
valuable introduction to the general geology. 

Geological mapping on aerial photographs 


1 Rock names in this paper conform to the usage 


of Johannsen (1939). 


thin sections and for two silicate analyses by the 
University of Minnesota laboratory. Acknowl- 
edgment is made to the Shell Development 
Company for two X-ray diffraction runs and the 
use of a Frantz magnetic separator. 

The geophysical study was made by Lynch 
in partial fulfillment of requirements for the 
degree of Master of Science at the University 
of Houston. The advice and assistance of Mr. 
Fred Romberg, and a critical reading of the 
manuscript by Mr. Louis C. Pakiser, Jr., are 
gratefully acknowledged. The gravity meters 
were generously loaned by the Tidelands Ex- 
ploration Company of Houston and the Texas 
Instruments Company. 

Mr. R. H. Harris, Jr., of Uvalde, kindly gave 
permission for these investigations to be made 
on his ranch. 


GEOGRAPHY 


Mustang Hill is 4 miles north of Cline, a 
railroad station on U. S. Highway 90, west of 
Uvalde, Texas. It is 105 miles west of San 
Antonio. The area is of low to moderate relief; 
local elevations range from 1000 to 1250 feet. 
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It lies within the northern margin of the Gulf 
Coastal Plain physiographic province, a few 
miles south of the dissected scarp of the Ed- 
wards Plateau, and is included in the Turkey 
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STRATIGRAPHY 


The Mustang Hill intrusion lies in Cretaceoy; 
marine sediments. The stratigraphic unit 
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FIGURE 3.—VARIATION OF MopE IN BASALT No. 118 
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FIGURE 4.—VARIATION IN OLIVINE Composition, Mustanc 


Mountain quadrangle. The topography shown 
on Figure 5 was surveyed by Lynch in connec- 
tion with the gravimetric work. 

The semiarid climate and sparse, rocky soil 
are favorable to thornbush and some grass. In 
the area of Figure 2, exposures are better than 
elsewhere, because of erosion of gullies trending 
northward to the West Nueces River. These 
obsequent streams dissect a broad surface of 
low relief, which slopes gently southward with 
the regional drainage. 


shown in Figure 2 are generally recognized in 
Texas (Sellards et al., 1932, p. 271), with local 
modifications as here described. A local colum- 
nar section was recently published by Hazzard 
et al. (1956, p. 61). The Georgetown, Grayson, 
and Buda formations make up the Washita 
group of the Comanche series, separated by 
regional unconformity from the overlying Eagle 
Ford and Austin chalk formations of the Gulf 
series. 

GEORGETOWN LIMESTONE: Limited exposures 
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vithe upper Georgetown are found in the West 
\ueces River. It is a hard, thick-bedded white 
aystalline limestone, with strong vertical joint- 
ag. The Georgetown is late Albian in age (Sel- 
rds et al., 1932, p. 385). 
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forms soft bluffs protected by the overlying 
Buda limestone. 

Locally intercalated in the Grayson forma- 
tion east of Mustang Hill are submarine vol- 
canic mudflows of ultramafic rock, the earliest 
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--*+ OUTLINE OF IGNEOUS OUTCROP 


GRAYSON SHALE: The thickness of this forma- 
tion, along the south bank of the West Nueces 
River, is estimated between 100 and 150 feet. 
The basal member is an argillaceous limestone, 
locally named the West Prong lentil (Green- 
wood, 1956, p. 169). Diagnostic ammonites 


(Turrilites brazosensis) place its age near the 
Albian-Cenomanian transition. Above the lime- 
stone is the typical Grayson lithology of blue- 
gray claystone with thin limy ledges of the 
oyster Exogyra arietina Roemer. The claystone 


Ficure 5.—TopocrapHic Map, Mustanc HILL 


manifestations of igneous activity in the region 
(Greenwood, 1956). 

BUDA LIMESTONE: Thick-bedded, brittle, 
dense porcellanous limestone 80-90 feet thick 
constitutes the Buda formation here. No diag- 
nostic fossils were collected, but the formation 
is elsewhere considered early Cenomanian (Sel- 
lards et al., 1932, p. 400). The top of the Buda 
forms an easily recognized shelf, a useful struc- 
ture contour in field mapping. 

EAGLE FORD FORMATION: Nearly all the ex- 
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posed border of the laccolith is intrusive into 
the Eagle Ford beds. After a hiatus caused by 
gentle uplift, making 
“the beachy girdle of the ocean 
too wide for Neptune’s hips” 
(Shakespeare, W., 
1600, Act ITI, Sc. 1) 


TABLE 1.—CHEMICAL ANALYSES OF MusTANG HILL AND RELATED Rocks 


mapped because the transition to the overlying 
Austin chalk is gradual. 


PETROLOGY 


Basalt 


The Mustang Hill intrusion, except for minor 
pegmatoid veins near the core, is an olivine 


1 | 2 | 3 4 5 6 
SiOz | 44.89 | 44.18 | 45.11 39.92 44.37 46.26 
ALO; 110.36 12.44 8.60 12.74 13.36 
0.15 | n.d. 0.10 0.14 n.d. n.d. 
FeO; | 1.80 | 0.97 | 2.67 | 4.40 2.15 2.34 
FeO 10.15 10.038 | 9.36 8.00 9.42 10.53 
MnO | 0.16 | nd | 0.22 | 0.24 0.18 0.12 
TiO, 1.96 1.30 | 2.34 | 2.70 2.19 1.78 
MgO 15.96 17.77 | 11.56 | 20.17 14.71 8.87 
CaO 10.46 9.75 | 10.61 | 10.68 9.30 9.18 
Na:O 2.04 | 2.37 | 3.05 1.91 3.00 3.27 
K,0 0.67 1.23 | 1.01 1.03 1.41 1.23 
H,O+ 0.74 | oo | 2978 1.45 0.20 2.08 
H.O— 0.15 | 0.16 0.43 0.05 0.15 
P.O; 0.30 0.38 | 0.51 0.51 0.71 0.42 
Total 99.79 | 99.62 | 99.92 100.18 100.14** | 99.108 


* Includes 0.31 listed as CO: 0.06, “etc.” 0.25 
** Sic 


1. Basalt No. 118, intermediate zone of Mustang Hill (R2175 Univ. of Minnesota Rock Analysis Lab- 


oratory) 


2. Kylite of Benbeoch, Scotland (Johannsen, 1939, vol. IV, Table 83, No. 4) 
3. Plagioclase basalt, Pinto Mtn., Uvalde Co. (Clarke, 1900, p. 61, anal. B) 
4. Nepheline basalt, Black Mtn., Uvalde Co. (Clarke, 1900, p. 63, anal. I) 

5. Chrysophyric hyalobasanite, Pribilof Is. (Barth, 1956, Table 6, anal. No. 8) 
6. Analcite-olivine dolerite, SE. Australia (David, 1950, Table 27, anal. No. 9) 


Eagle Ford strata were laid down near the end 
of Cenomanian time and on into the Turonian. 
No angular disparity with the Buda is seen, but 
a regional unconformity is recognized (Sellards 
et al., 1932, p. 401). 

In western Uvalde County two facies of the 
Eagle Ford meet (Sellards et al., 1932, p. 431). 
On the northeast side of Mustang Hill the basal 
beds are thin-bedded dense gray limestone, 
interbedded with black, gray, and salmon- 
colored silty shale, having a strong petroleum 
smell when freshly broken. To the south and 
west, thin- to medium-bedded yellowish-brown 
crystalline limestone flags directly overlie the 
Buda. Upper beds consist of limestone flags 
throughout. The Eagle Ford here is probably 
200 feet thick, but the upper contact was not 


basalt. The rock is massive and homogeneous, 
with brownish olivine phenocrysts (about 1 
mm) in a fresh, nearly black, fine to aphanitic 
matrix of plagioclase and pyroxene. The name 
basalt is used without implication of extrusive 
origin. 

Average material from Locality 118 (Fig. 2) 
was selected for detailed study. This rock was 
analyzed (Table 1), and three thin sections (118 
A, B, C) were cut from chips taken within a 
few inches of each other, and corresponding to 
the analyzed material. Using the Chayes point 
counter, two independent traverses of 850 
points each were run on each of the three thin 
sections. The averages of these modal analyses 
appear in Table 2. 

To assess the adequacy of the grain count, the 
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three major constituents, olivine, augite, and 
plagioclase plus zeolite, were recalculated to 
100 per cent and plotted on a triangular dia- 
gam (Fig. 3). This diagram shows that the 
variation between two counts on the same sec- 


order of crystallization is olivine, apatite-augite, 
plagioclase-hornblende, biotite-magnetite, anal- 
cite, and lastly zeolite. 


OLIVINE: The olivine~ occurs as phenocrysts 
0.5-2.0 mm (average 1 mm), equant subhedral and 


TABLE 2.—VOLUMETRIC MopAL ANALYSES OF MusTANG HILL AND RELATED ROCKS 


117 85 115 118 
Olivine $2 22.2 32.4 26.80 
Augite 28.6 33.6 33:5 34.16 
Plagioclase | 44.0 40.1 25.6 29.20 
Iron ore 5.6 2.33 3.0 3.05 
Hornblende 1.0 0.25 0.5 1.56 
Biotite 0.4 0.3 1.2 2.52 
Apatite 1.4 0.1 0.5 0.25 
Zeolite 14.8 1:1 iid 2.41 
Analcite 1.0 0.05 


112 T.M. 1 2 # 
20.0 24.8 37.8 29.5 | 29.0 
39.8 36:2 25.4 27.6 | 23.0 
31.2 30.4 26.8 33.1 | 23.0 

5.4 3.0 | 4.4 4.0 (inc. 

1.0 2.0 apatite) 

1.4 2.0 2.0 1.8 

1.5 3.8 2.3 

0.2 0.6 0.6 0.7 

1:0 2.4 

— 0.1 1.8 0.6 


* Includes 23% nephelinic glass. 
117 Pegmatoid veins, Mustang Hill 
85 Central zone, Mustang Hill 

115 Central zone, Mustang Hill 


118 Intermediate zone (anal. 1, Table 1), Mustang Hill; Average of 3 thin sections, 5307 points counted 


112 Outer zone, Mustang Hill 


T.M. “Theoretical mode” of Specimen 118, calculated from chemical analysis of rock (Table 1) and of 


augite (No. 1, Table 3), and optical data 


1 Kylite, Benbeoch, Scotland (See Table 1, No. 2) (Johannsen, 1939, v. IV, p. 225) 
2 Kylite of Benbraniachan, Scotland (Johannsen, 1939, v. IV, p. 225) 
3 Chrysophyric hyalobasanite, Pribilof Is. (See Table 1, No. 5) (Barth, 1956, p. 127, Sample 8) 


tin is consistently less than the variation 
between two sections cut from the same rock 
specimen. This further demonstrates the fact 
that, even in a fine-grained megascopically 
homogeneous rock such as this, the accuracy of 
precision micrometry is largely illusory. Accu- 
tate modal analyses can best be attempted by 
the crushing, splitting, and separation of bulk 
samples. 

Figure 3 also shows that variations in the 
mode of this rock are caused largely by varia- 
tions in amount of olivine. The “theoretical 
mode”. calculated from chemical analyses and 
optical data, is plotted for comparison. It sug- 
gests that an alkaline mesostasis went unde- 
tected in the Rosiwal analyses. 

The petrography of specimen 118 will be 
described, and other parts of the intrusion will 
be mentioned insofar as they differ from it. The 
fabric is holocrystalline porphyritic with olivine 
phenocrysts, locally with augite and plagioclase 
phenocrysts, and the groundmass is _fine- 
granned. Textural evidence indicates that the 


quite fresh except for traces of serpentinization along 
minute fractures. Phenocrysts commonly occur in 
clots of several individuals. Refractive indices indi- 
cate 27 mol per cent fayalite, on the basis of Ken- 
nedy’s chart (1947, p. 567). Opaque equant inclu- 
sions of 0.01 mm, possibly a spinel mineral, are 
common in the olivine. Compositional zoning in 
individual crystals is not revealed by gross meas- 
urements, and no detailed investigation was under- 
taken. 

AUGITE: Augite is typically confined to ground- 
mass, as prisms 0.2 mm in length, although pheno- 
crysts seriate up to 0.7 mm were seen in one sec- 
tion. It is purplish pink, and the cores of phenocrysts 
are paler than the rims and groundmass. Faint 
pleochroism occurs as follows: X = purplish pink, 
Y = orange brown, Z = gray. Refractive indices, 
determined in sodium light to an accuracy of 
+.0005, are a1.689, 81.699, 71.722. Concentric os- 
cillatory zoning is best seen in sections of pheno- 
crysts perpendicular to an optic axis, The extinction 
angle Z A C is 46°, and 2V is 55° (about Z), as 
measured by the method of Fairbairn and Podolsky 
(1951). 

Clusters of augite crystals are euhedral against 
plagioclase in this rock, in contrast to the diabasic 


| 
6 | 
46.26 
13.36 | 
n.d. | 
2.34 
10.53 | 
0.12 | 
1.78 | | 
8.87 
9.18 
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2.08 
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texture of a normal basalt. Most of the augite prob- 
ably crystallized before plagioclase, as would be 
expected from the mafic character of the bulk com- 
position, to judge from the diopside-anorthite-for- 
sterite diagram of Osborne and Tait (1952, Fig. 5). 
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(Mg, Fe®, Mn).970(Al, Cr, Fe%).ossTi.os7(Si, 
Osso40H.26, which may be abbreviated to Woy 
(X,Y)1.082Z206 as suggested by Hess (1949, p. 624), 
where W represents cations in eight-fold co-ordina. 
tion, X and Y in six-fold, and Z in four-fold. The 


TABLE 3. CHEMICAL ANALYSES OF CLINOPYROXENES, MusTANG HILL AND RELATED Rocks 


1 | 2 | 3 | 4S 5 6 | 7 | 8 
SiO» 49.24 45.23 | 49.23 | 49.20 | 49.85 46.66 | 51.48 | 47.86 
AlO; 4.61 7.73 2.01 3.33 | 3.759 5.76 | 2.87 | 6.17 
0.40 n.d. n.d. nd. nd. | nd, | 0.02 
Fe.03 0.68 2.95 2.87 1.85 2.55 1.84 | 0.70 2.44 
FeO 6.00 | 4.07 3.53 5.30 6.09 7.22 | 6.26 | 5.07 
MnO 0.10 0.07 0.09 0.18 0.19 0.13 | 0.18 0.14 
TiO. 2.05 4.28 2.25 1.83 1.37 3.21 | 1.16 1.67 
MgO 14.18 12.25 | 14.69 15.03 14.38 12.18 | 14.35 | 13.87 
CaO 22.06 | 23.37 | 24.23 23.33 21.76 22.21 22.04 | 21.54 
0.55 0.47 0.46 0.40 | 0.42 0.81 | 0.54 | 0.72 
K.0 0.04 0.12 0.15 tr | tr 0.10 | 0.16 | 0.13 
H.0, 0.2 | ox 0.38 —- | — 0.14 | 0.13 0.11 
H.0_ 0.00 — 0.03 | 0.01 0.01 0.13 0.03 
NiO nd. | 0.05 | nd nd. | nd. nd. | nd. n.d. 
Total | 100.11 | 100.96 | 99.89 | 100.48 | 100.37 100.27 | 100.00 | 99.77 
Ne 1.689 | 1.695 | 1.697 | 1.698 | 1.702" | 1.693 
ng 1.699 1.701 1.707 | 1.706 1.706* | | 1.698 
ny 1.722 | 1.721 1.722 | 1.720 1.728* | 1.720 
2V. 55° 60° 48° | 50° | 42° 48° 
2. 46° 46° | 4245 | | 45° 


* mean values 

1. From Mustang Hill no. 118. Associated with plagioclase An-o and olivine Fass (R2257, Univ. of 
Minnesota Rock Analysis Laboratory) 

2. From nepheline basalt of Black Mtn., Uvalde Co. (Table 1, no. 4) (Clarke, 1900, analysis K) 

3. From nepheline peridotite, Uganda (Sahama, 1952, p. 466) 

4. From picrite with olivine Faz , Shiant Isles, Scotland (Murray, 1954, Table 1, pyroxene no. 1) 

5. From picrodolerite with olivine Faz , Shiant Isles, Scotland (Murray, 1954, Table 1, pyroxene no. 
20) 

6. Pyroxene B-1, with olivine Fass, lower level of teschenite, Australia (Wilkinson, 1957, Table 2, 
analysis IT) 

7. From lower part of Skaergaard intrusion, Greenland (Muir, 1951, Table II, analysis 5) 

8. From camptonite dike no. 4271, Skaergaard intrusion, Greenland (Vincent, 1953, Table IT) 


0.20 per cent of H,O+ in the analysis has been cal- 
culated as hydroxyl, in the absence of visible in- 
clusions or hydrated alteration products in the 
augite. 

Computation of the augite as CayMgyeFen shows 
it to be more calcic than the typical pyroxene of 
mafic magmas depicted by Hess (1949, Pl. 1). On 
Hess’ diagram an augite of the above composition 


Augite was separated from specimen 118 by 
grinding to 100-200 mesh, removing olivine and 
iron ores with the Frantz isodynamic separator, and 
centrifuging the nonmagnetic fraction in methylene 
iodide. After repeated cleaning and recycling, 6.5 
g of augite was obtained for analysis, and a grain 
section of this material showed less than 0.1 per cent 
impurities. An analysis of this augite appears as 
No. 1 in Table 3, along with analyses of similar 
clinopyroxenes. All are from mafic magmas, and all 
but Nos. 7 and 8 have alkalic affinities. Calculation 
yields the structural formula Ca.g5(Na,K).o42- 


higher indices of the Mustang Hill augite are 


correspond well with the observed increase of 0.004 


would have a B index of 1.687 and a 2V of 56°. The Ff: 


attributable to TiOz (Murray, 1954, p. 24) andj 
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n8 for each 1 per cent of TiO, in synthetic diopside 
Segnit, 1953, p. 222). Furthermore, the 2V in syn- 
etic diopside increases 414° for each 1 per cent of 
10, (E. R. Segnit, personal communication). All 
he titanaugites cited by Hess are from the Duluth 
abbro and related tholeiitic (plateau basalt) rock 


— detailed work on pyroxenes of gabbros 
ind ferrogabbros typified by the Skaergaard intru- 
jon (Muir, 1951) and the pyroxenes of picrite 
salts (Muir and Tilley, 1957), attention has lately 
en given to the pyroxenes of mafic rocks of alka- 
ine affinities (Murray, 1954; Wilkinson, 1956a; 
Barth, 1956, p. 126). The distinctively calcic charac- 
r of such pyroxenes has been well explained by 
Kennedy (1933) and Wilkinson (1956a). As a result 
{ the subsilicic character of the magma abundant 
jivine crystallizes early and does not react to form 
wthopyroxene. The ratio of Ca to MgFe available 
or pyroxene crystallization is therefore high, favor- 
ing diopside rather than pigeonite or even normal 
ugite. 

In contrast to the diversity of pyroxene compo- 
ition in tholeiitic basalts, there is little change dur- 
ng differentiation in the pyroxene of alkaline mafic 
nagmas, aside from a gradual increase in the Fe/Mg 
atic. At Mustang Hill, color zoning suggests en- 
tchment in titanium during crystallization. The 
yroxenes of these alkalic rocks are not alkalic 
Table 3, analyses 1, 2, 4, 5). The sodium is reserved 
for the latest felsic minerals. 

PLAGIOCLASE: No detailed study of the plagio- 
dase was attempted. It overlaps augite in crystalliza- 
tion, but is chiefly later, in aggregates of 0.1- to 0.5 
um laths with albite twinning; the laths are roughly 
tangential to clumps of mafic minerals. A few plagio- 
dase crystals range up to 1 mm in length. Refractive 
indices and extinction angles on albite twins indi- 
ate a composition of Anjo in the cores of the larger 
crystals and Ang in the rims. Calculation from the 
themical analysis suggests a gross plagioclase com- 
wsition of Ans, roughly confirming the optical 
timation. Minute amounts of clear, untwinned, 
bw-relief material are seen along grain boundaries 
ad sporadically replace individual twin lamelae 
in the plagioclase. This material may be orthoclase 
ot late-magmatic albite distinct from the normal 
sequence of plagioclase crystallization. Clusters of 
eolites cut the plagioclase, and occasional thin 
tosscutting rivulets of a low-index pinkish isotropic 
nineral are probably sodalite. 

ORES: Recalculation of the chemical analysis of 
the rock suggests that the opaque constituents con- 
ain roughly equal amounts of magnetite and inter- 
gown ilmenite. They appear in thin section as 
quant skeletal bodies 0.2 to 0.4 mm across, poikiliti- 
ally including augite and plagioclase, and having 
uificient regularity of outline to suggest that they 
we single crystals formed relatively late in the se- 
quence. There is a notable absence of fine-grained 
opaque minerals, or “magnetite dust”’. 

BIOTITE AND AMPHIBOLE: Biotite is evenly dis- 
*minated through the groundmass as shreds and 


815 


flakes about 0.1 mm in size. It is strongly pleochroic 
from deep reddish brown to nearly colorless, rarely 
green to colorless. The amphibole is of very similar 
aspect and color, with nearly parallel extinction 
(positive elongation), and in the absence of diagnos- 
tic cleavage traces the two minerals look alike. 
Amphiboles from similar rocks have been called 
barkevikite, but the term is poorly defined, and 
typical sodic amphiboles of small extinction angle 
have negative elongation. 

Both biotite and amphibole are apparently of 
normal magmatic paragenesis, rather than late 
reaction products. 

ZEOLITE: Radiating 0.2-mm ciusters of a fibrous 
zeolite replace the plagioclase and are concentrated 
in interstitial nests, apparently as a deuteric prod- 
uct. They show parallel extinction, low birefrin- 
gence, and mean index near 1.508. Most fibers show 
positive elongation, a few negative elongation. Simi- 
lar material, although of lower refractive index, is 
abundant in the pegmatoid veins and is discussed 
in more detail in the section on Pegmatoid Veins. 

APATITE: Apatite occurs sparsely as short (about 
0.1 mm) hexagonal crystals contemporaneous with 
augite. 

ANALCITE: Analcite is rare in thin section but ap- 
pears in grain immersions as clear equant isotropic 
grains, 0.05 to 0.10 mm in size, free from inter- 
growths. The refractive index of 1.502 is high for 
analcite, but X-ray diffraction clearly shows the 
analcite pattern in the felsic fraction of the rock. 
Paragenesis of analcite is discussed in the next sec- 
tion. 


Pegmatoid Veins 


Coarse-grained dikelike bodies of irregular 
width occur in an area about 200 feet wide in 
the central knob of Mustang Hill. They grade 
into normal basalt over a distance of 2-3 cms. 
Their texture is crudely diabasic, with laths of 
plagioclase and augite 3-10 mm in length sub- 
parallel to the walls of the vein. Microscopically, 
the mineralogy is similar to that of the sur- 
rounding basalt, but plagioclase is dominant, 
olivine a minor constituent, and zeolite and 
analcite are relatively abundant (Table 2). Such 
veins, representing a hydrous residuum of the 
magma, are recognized in the crinanite of the 
Shiant Isles (Turner and Verhoogen, 1951, p. 
156). 


The olivine is notably more fayalitic (Fayo_.2) 
than in the surrounding basalt (Fig. 4). Much of it 
is interstitial to plagioclase and augite, in a manner 
which suggests formation late in the sequence. Ac- 
cording to Turner and Verhoogen (1951, p. 107), 
melts rich in FeSiO; may yield pyroxene which later 
reacts to form olivine. The olivine here, however, is 
present not as a reaction rim but as independent 
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crystals. The more nearly euhedral olivine crystals 
are abnormally elongated, a feature noted elsewhere 
3 in the gabbroic parts of basic alkaline rocks by 
4 Wilkinson (1956b, p. 446) and others. 

a Plagioclase is strongly zoned from labradorite to 
sodic andesine, and the purplish titanaugite shows 
oscillatory zoning; its average indices are close to 
e the augite of the basalt. Ilmenite-magnetite occurs 
a as skeletal crystals 1 mm in size. Apatite is corre- 
dl spondingly coarse, and amphibole and biotite are 
minor. 

Clusters of fibrous zeolite, up to 2 mm in size, 
abundantly replace the plagioclase and fill fractures 
n the rock. They resemble the zeolite of the basalt, 
except for a slightly lower mean index (near 1.503). 
An X-ray powder photograph of the lightest fraction 
separable from this rock showed lines referable to 
natrolite and analcite. The relatively high indices 
and occasional negative elongation are in conflict 
with the published properties of natrolite, and this 
zeolite may be gonnardite, which has a very similar 
powder pattern (Meixner, 1956). 

Analcite, identified from the X-ray work, occurs 
as clear equant grains, 0.1 to 0.5 mm in size, having 
an index of 1.492, which is less than the analcite 
from the basalt. Analcite in these rocks appears on 
textural evidence to be late magmatic (Lonsdale, 
a 1940, p. 1597-1600) rather than deuteric. It does 

a not replace plagioclase. Thin irregular rivulets of 
pinkish material replacing plagioclase have the 
optical properties of noselite or sodalite. No such 
mineral was recognized in the X-ray powder photo- 
graph, probably because of the small percentage in 
the sample. 

Little is known about the equilibrium relations 
between nepheline and analcite in magmas. An ob- 
vious deduction is that analcite is favored by high 
H.O pressure in the system. We are limited in this 
direction, however, by the almost complete fresh- 
ness of the olivine, indicating that the serpentine 
Fen field was scarcely attained. According to Friedman 

A (1951, p. 29) “analcite and olivine can coexist in the 
temperature range 500°-600°C at considerable H.O 
pressure”, but more data are needed. According to 
a recent study of the system Na2O-Al,0;-SiO.-H,0, 
j nepheline is unstable below 460°C. in the presence 
ae of excess water at high pressure, and analcite is un- 
stable above 525°C. (Sand et al., 1957, p. 177-78) so 
that 525°C. would seem to be an upper limit for the 
late magmatic history of this rock. Certain alkaline 
mafic lavas recently described from the Pribilof 
Islands (Barth, 1956) show chemical and mineralogi- 
cal similarities to Mustang Hill (Tables 1, 2). What 
is described as “nephelinic glass” in the Pribilof lavas 
would probably have given rise to analcite in an 
intrusive environment. 


General Petrology of the Intrusion 


In the field, grain size decreases from the 
center toward the contact, and three concentric 
zones have been arbitrarily drawn. The central 
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zone is bounded by a gentle scarp, reflecting the 
somewhat greater resistance to erosion of the 
coarser-grained rock. A smaller area around the 
southwest knob of the hill is also assigned ty 
this zone. The central zone is characterized by 
the presence of seriate phenocrysts of augite 
and plagioclase. In the intermediate zone, which 
constitutes the bulk of the intrusive, augite and 
plagioclase phenocrysts are rare or absent ex. 
cept in the inner part of the zone. The outer, 
or contact, zone is not clearly demarcated from 
the intermediate zone, but for a distance of a 
few hundred feet horizontally from the intr. 
sive contact the groundmass of the basalt js 
aphanitic. An isolated intrusion 2600 feet in 
length, 3 miles S. 60°E. of Mustang Hill, is iden- 
tical with the contact zone of Mustang Hill 
and occurs at a comparable stratigraphic 
horizon. 

Olivine occurs as a single generation of pheno- 
crysts of comparable size and abundance 
throughout all zones; however, the observed 
increase in the Fe/Mg ratio with distance from 
the lower contact (Fig. 4) argues against a 
simple intratelluric crystallization of olivine 
before emplacement of the intrusive. The vari- 
ation in olivine composition is less marked than 
that observed elsewhere by Wilkinson (1956b, 
p. 448) but follows a similar trend. Typical 
modes of the three zones are shown in Table 2, 
No clear-cut zones of magmatic differentiation 
are apparent. Turkey Mountain, in Kinney 
County northwest of Mustang Hill, is suggested 
for future studies of differentiation, such as have 
been carried out in Australia by Wilkinson 
(1958). 

The observed mode of the type specimen 118 
(Table 2) was checked by calculating a “the- 
oretical mode” from the chemical analyses of 
the rock and the augite, using an olivine com- 
position estimated from optical data, and 
arbitrarily assigning 0.34 per cent MnO to the 
olivine. Such a calculation yields an excess of 
Na and Al over the Si available for forming 
plagioclase. Varying the amount of analcite 
and zeolite cannot significantly reduce the dis- 
crepancy. Assumption of 1.5 per cent of theo- 
retical nepheline satisfactorily resolves the dif- 
ficulties, but no nepheline was found either in 
thin section or in X-ray diffraction records. 
Possibly there is a cryptocrystalline alkaline 
mesostasis, not apparent in this section. 

Among other rocks in the Uvalde area which 
have been analyzed, the basalt of Pinto Moun- 
tain (Table 1, no. 3) resembles Mustang Hill 
most closely, although the analysis suggests 4 
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FIGURE 6.—BOUGUER Gravity Map, Mustanc 


more felsic rock. Pinto Mountain, about 24 
miles northwest of Mustang Hill, is one of 
several apparently concordant intrusions in 
the Eagle Ford formation; Turkey Mountain 
is the thickest. Detailed petrographic work 
might reveal significant relationships among 
these bodies. 


Nomenclature 


Analcitic olivine basalt is an adequate name 
for the rock of Mustang Hill. Its closest relative 


appears to be kylite (Johannsen, 1939, v. IV, p. 
226), a Scottish olivine theralite containing 
modal nepheline in excess of analcite. Accord- 
into to Johannsen, the presence of nepheline 
distinguishes theralite, whereas analcite char- 
acterizes crinanite and teschenite. However, 
the teschenites and criranites he cites are 
consistently more leucocratic than the Mustang 
Hill basalt. The type kylite is described by 
Tyrrell (1912, p. 121) from the sill of Benbeoch 
near Dalmellington, Ayrshire, Scotland, as a 
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rather fine-grained olivine-titanaugite-labra- 
dorite rock in which the mafic minerals have a 
“‘pseudoporphyritic aspect”. The plagioclase is 
zoned from ‘‘AbsAn; to AbsAn;” and rimmed 
by a trace of orthoclase. There is skeletal il- 
menite, scraps of reddish biotite, and a little 
clear analcite and apatite. “Decomposed nephe- 
line” occurs in the groundmass. Related masses 
contain traces of barkevikite (Tyrrell, 1912, p. 
128). An analysis of the type kylite is repro- 


FicurE Map, Mustanc 


duced in Table 1, and its mode in Table 2. The 
mode of a related, but unanalyzed kylite from 
the neighboring Benbraneachan sill is also 
given in Table 2, and this more closely compares 
with the mode of the Mustang Hill rock, except 
that this kylite contains nepheline. 

Field relations of the kylites and related 
rocks are discussed in the concluding section of 


this paper. 
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|| At many points around the margin 


Mustang Hill intrusion, except the poorly 
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to a porcellanous texture; their original lamina- 
tions are enhanced by an intensification of color 
contrast. The grain size of the quartz has in- 
creased from the origiral 0.01 mm or less, of 
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exposed south and southwest sides, effects of _ the clastic grains, to about 0.025 mm in the 
contact metamorphism are visible in the flaggy __ recrystallized intergrowth. The sporadic calcite, 
2, The limestone and siltstone of the Eagle Ford forma- originally associated with microfossils, is re- 
> from tion. These effects are limited to a zone about crystallized into 0.10-mm aggregates of sharp 
; also f 20 feet thick, measured perpendicular to the rhombohedral crystals. 
1pares extrapolated intrusive contact at that point. The flaggy limestones are also indurated, 
>xcept This refers to the lower contact of the intru- their laminations accentuated in grayish green, 
sive; the roof has been entirely eroded. Intensity although detailed impressions of Inoceramus 
elated | ° metamorphism varies greatly from place to 
elat 
place, 
ion of 


In metamorphism the siltstones are darkened, 
thoroughly indurated, and apparently silicified 


are preserved. In thin section, calcite of 0.05- 
to 0.10-mm grain makes up most of the rock; 
bedding laminae are emphasized by bands of 
slightly coarser grain. Rounded single crystals 
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of calcite, 0.2 mm in size, are probably recrys- 
stallized Foraminifera. The microlaminae of the 
bedding bend around them. Rectangular sharp- 
walled aggregates of cross-fiber calcite, lying 
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Beneath the small outlier of basalt on the 
northeast side of Mustang Hill (Fig. 2), Eagle 
Ford siltstone shows no metamorphism, and 
less than 5 feet below the basalt it has a strong 
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subparallel to the bedding, represent fragments 

of Inoceramus. In some specimens, lenticles of 

chert have been partially recrystallized to 0.10- 

mm grain size. The pale-green bands in the meta- 

= morphosed limestone remain unaccounted for; 

possibly they are traces of chlorite formed 

from clay minerals. No calc-silicate minerals or 

other evidences of high temperature were found 

in the sediments. By mathematical considera- 

a tion of the temperatures to be expected around 

Ps tabular mafic intrusions, it has been suggested 

that an intrusive about 100 feet thick would 

raise the country rock, 15 feet from the con- 

a tact, to 550°C. for 12 years (Jaeger, 1957, p. 

315). It is unlikely that such temperatures 

could be maintained in rocks such as the Eagle 

Ford beds without the formation of forsterite 

around 560°C, or of tremolite around 320°C, 

fs under 1000 feet of cover (Bowen, 1940, Fig. 

14). Probably Jaeger’s assumption of an 

1100°-800°C. range for the crystallization of 
the intrusive is too high. 


petroleum smell. If the petroleum antedates the 
intrustion, as seems likely, it demonstrates the 
limited nature of the metamorphism. 
Around the summit of Mustang Hill itself, 
chips of pinkish flinty shale are sparsely dis- 
tributed. Unless these have been artificially 
transported, they must represent fragments of 
the metamorphosed roof of the intrusion, pre- 
served by their superior resistance to weather- 


ing. 
Hydrothermal Alteration 


The basalt is free of visible hydrothermal 
alteration, except at one locality, where the 
road crosses the intrusive on the northwest side 
(Fig. 2). The rock there is earthy gray green 
and crumbly; it has relict igneous texture similar 
to the fresh basalt into which it grades. The 
original olivine is altered almost completely to 
aggregates of pale-green montmorillonoids, be- 
lieved to be nontronite or saponite by analogy 
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with material from a near-by area (Greenwood, 
1956, p. 171). The pyroxene is bleached to 
very pale-green augite, and clinozoisite (?) 
needles are developed between pyroxene and 
plagioclase. Plates and spindles of ilmenite- 
magnetite abound in the groundmass and are 
presumably largely derived from the original 
dark minerals. In contrast, the plagioclase is 
remarkably fresh, and no more than a trace of 
zeolite was seen. 

The major changes here have been the hydra- 
tion of olivine and the abstraction of Fe and Ti 
from the dark minerals. The alteration differs 
markedly from the late-magmatic changes, in 
which Na was added. It is impossible to say 
whether the water was magmatic in origin or 
was derived from the intruded sediments. 


STRUCTURE 
Regional Structure 


The Cretaceous sediments shown in Figure 2 
have a regional dip of 0° to 5°S. An easily 
followed structural contour is the Buda—Eagle 
Ford contact, everywhere sharp and readily 
followed on the ground. Immediately southeast 
of Mustang Hill is a gentle anticline, its axis 
N. 80° W., exposing a core of Buda limestone 
fanked on north and south by Eagle Ford beds. 
In part of this structure the brittle Buda is 
thoroughly fractured and recemented with 
coarse calcite. The fold is shown on the cross 
ections B, C, and D (Fig. 9). Gentle folding 
ona smaller scale is seen a mile to the east on 
the same axis, and traces of basalt are encoun- 
tered in that direction. Consistent northward 
dips are not typical of the region, and here 
they are believed to be genetically connected 
with the intrusion of Mustang Hill. SectionA-A 
of Figure 9 also shows a gentle anticline west of 
Mustang Hill. Locations of all cross sections 
appear on Figure 7. 

Minor faulting occurs in a rather consistent 
pattern. Steep faults cut the Cretaceous sedi- 
ments in a northeasterly direction within a few 
niles of Mustang Hill; three have their ap- 
parent downward movement on the southeast, 
and one on the northwest. The faults are clean 
iactures with little or no brecciation, and 
movement may have been no more than a few 
tens of feet. None of these faults cuts Mustang 
Hill itself, but one bounds a minor basaltic 
atrusion 3 miles to the southeast, where field 
lations suggest that faulting postdates intru- 
‘ion. These faults represent, on a much dimin- 
shed scale, the westward prolongation of the 


821 


Balcones fault zone (Sellards and Baker, 1934, 
p. 60-62). 


Structure In and Around The Intrusion 


The igneous mass of Mustang Hill stands as 
a broad elevation of gentle slope, except for 
local steepening around the central knob and 
the cliff cut by the West Nueces River (Fig. 5). 
The intrusion is roughly equidimensional in 
plan, 1-114 miles across, and is best exposed on 
the north and east sides where the local relief 
and dissection are greatest. The contact can be 
established to within 50 feet along much of its 
length, and the base of the igneous rock is with 
the lower 30 feet of the Eagle Ford formation, 
except on the northeast lobe where it truncates 
the basal Eagle Ford and invades the upper 
Buda. At several localities near the igneous 
contact the flaggy limestone and siltstone of the 
Eagle Ford are thrown into folds of 20- to 40- 
foot wave length and 2- to 4-foot amplitude. 
These folds, their axis roughly concentric with 
the igneous mass, represent a miniature décolle- 
ment of the Eagle Ford upon the more massive 
Buda, directly caused by the intrusion. They 
are not found far from the igneous rock. Where 
uncrumpled Eagle Ford beds are exposed near 
the igneous mass they dip centripetally at 
5-15°. Northeast of Mustang Hill a small 
outlier of basalt lies above basal Eagle Ford 
beds and is separated from the main mass by 
erosion (Fig. 2). It provides clear evidence of a 
quasi-concordant floor of limestone dipping 
inward at about 3° around the intrusion. 

A smaller mass of basalt nearly 3 miles S. 60° 
E. of Mustang Hill occurs at a similar strati- 
graphic horizon in the lower Eagle Ford, al- 
though exposures in the undissected upland are 
inadequate for detailed observation. 

Within the intrusion itself, joints are the 
chief structural features. A roughly orthogonal 
joint system in the main mass leads to the 
typical cuboid or spheroidal boulders, but as 
the margin of the intrusion is approached one 
set of steep joints becomes dominant and closely 
spaced, yielding flat slabs only a few centi- 
meters thick. These dominant joints strike 
tangentially to the main outline of the intru- 
sion and range in dip from 75° outward to 
vertical. They are presumably tension fractures 
related to cooling, lying approximately normal 
to the long dimension of the igneous mass. 

No foliation or lineation is apparent. As in 
other parts of this petrographic province, there 
is a notable absence of inclusions in the igneous 
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rock, no indication of assimilation of wall rock, 
and no dikes or apophyses. 


GRAVIMETRY 
Introduction 


The gravity method of geophysical investiga- 
tion is used to detect horizontal variations in 
the density of the earth. The igneous intrusive 
rocks of the Uvalde area are normally more 
dense than the surrounding sedimentary rocks, 
and since the Mustang Hill igneous mass is 
surrounded by sedimentary rocks it seemed 
likely that considerable information concerning 
the mass could by obtained by the gravity 
method. 

A survey of this type was conducted over the 
Cortlandt complex in New York (Steenland 
and Woollard, 1952). This was a study of a rock 
mass composed of norite, diorite, and pyroxenite 
in an igneous and metamorphic terrain. The 
mass was much larger, and the survey less 
detailed than in the case of Mustang Hill. 
Steenland and Woollard were able to delineate 
two nearly vertical cylindrical masses, with 
shallower masses intervening. 

A similar survey was conducted over Pilot 
Knob, a Cretaceous mafic volcanic mass in 
Travis County, Texas, (Romberg and Barnes, 
1954). The igneous material in this case gave a 
strong gravity anomaly from which the authors 
deduced that the mass narrowed at depth. 


Methods 


INSTRUMENTATION: Two Worden gravity 
meters of identical design were employed. 
Transit and stadia-rod surveys established the 
horizontal and vertical control. A Jolly balance 
was used for the density determinations. 

FIELD TECHNIQUES: The vertical control was 
established by elevation traverses throughout 
the survey based on sea-level datum as estab- 
lished by the United States Geological Survey, 
and the horizontal control was determined by 
turning plate angles and measuring distance by 
stadia rod. The locations and elevations of the 
gravity stations are shown in Figure 5. The 
gravity measurements were determined by 
first setting three base stations, Nos. 1, 16, and 
33, and then adjusting the remainder of the 
stations on lines run between these bases. 

DENSITY DETERMINATIONS: The density of 
the igneous rock and of the adjacent sedimen- 
tary rocks was determined by measuring the 
density of specimens from each lithologic unit 
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by means of a Jolly balance. Values obtained 
were: 


Eagle Ford shale 2.35 g/cci 
Eagle Ford limestone 2.57 g/cc3 
Buda limestone 2.67 g/cc3 
Grayson shale 2.21 g/cc? 
Georgetown limestone 2.61 g/ccé 


The average density of the sedimentary section, 
2.45, was determined by taking a weighted 
average based on bed thicknesses. The density 
of the igneous rock is 2.95. 

CORRECTIONS: A free-air correction, a Bou- 
guer correction, and a latitude correction were 
applied to all stations, and a terrain correction 
was applied along the Nueces River where 
necessary. The free-air and Bouguer corrections 
were combined to form the elevation correction 
as described by Nettleton (1940, p. 54). The 
density used to correct the Bouguer effect was 
that of the sedimentary section, 2.45. The lati- 
tude corrections were taken from charts pub- 
lished for that purpose (Nettleton, 1940, p. 140). 
The terrain corrections were computed by the 
method described by Hammer (1939, p. 184- 
194). 


Results 


BOUGUER GRAVITY MAP: The gravity survey 
revealed a large maximum which coincides very 
closely with the outcrop of the igneous mass 
(Fig. 6). All maps are contoured in terms of 
gravity units. One unit equals 0.1 milligal. 
These data are based on an arbitrary gravity 
datum which is several hundred gravity units 
higher than absolute gravity. The large gravity 
maximum gives some information regarding 
the shape of the lower surface of the igneous 
mass. For instance, the surface expression of 
the igneous mass is two hills connected by a 
saddle with a broad lobe extending to the south- 
east, suggesting two possible sources of the 
intrusive material. However, the gravity 
anomaly contains only one peak, and it is 
located roughly at the same point as the 
westernmost hill, which is presumably above 
the feeder. 

RESIDUAL-GRAVITY MAP: A_ residual-gravity 
map was prepared by compiling a regional map 
and subtracting it from the Bouguer-gravity 
map. This isolates the gravity effect of the 
igneous mass. The outline of the outcrop of the 
basalt appears on the residual-gravity map. 
The gravity anomaly overlaps the igneous mass 
on almost all sides and especially on the east 
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GRAVIMETRY 


de. The residual-gravity map is shown by 
Figure 7. 


Interpretation 


INITIAL THICKNESS ESTIMATES: To make 
nitial estimates of the thickness of the igneous 
nass, the mass was considered a semi-infinite 


sheet, and the formula T = a (Nettleton, 


(940, p. 114) was used. In this formula, T is 
the thickness in centimeters, G is the residual 
gavity in gals, p is the density in grams per 
ubic centimeter, and y is the gravitational 
constant. This calculation resulted in an extent 
considerably greater that had been determined 
fom surface geology. Profiles of these initial 
stimates are shown on the cross sections 
(Fig. 9). 
INITIAL MASS CALCULATION: The formula 


Y= m= was used to calculate the anom- 


dous mass of igneous material from the residual- 
gavity anomaly. This anomaly (Fig. 7) was 
divided into slices corresponding to the contour 
terval. Quantity A represents the area of each 
dice, AG the contour interval in milligals, and 
) the gravitational constant. The anomalous 
nass thus calculated is 1.22 x 10° metric tons, 
ad the total igneous mass 7.20 X 108 metric 
tons. 

REFINEMENT OF SHAPE ESTIMATES: Since the 
initial calculation of the thicknesses gave a mass 
considerably larger than the mass suggested by 
the outcrop (Fig. 9), the interpretation was 
further refined by combining the gravitational 
and geological evidence. The hypothetical body 
» obtained was then evaluated by dividing it 
ato slabs 500 feet square and 40 feet thick, 
ad calculating the anomaly to be expected at 
ay point as an algebraic summation of the 
dfects of all neighboring slabs. At any given 
urface point, all slabs giving a vertical gravita- 
tonal effect of over 0.003 milligals were taken 
ato consideration. The formula 
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derived by multiple integration, gives the effect 
of a single slab. In this formula, X, Y, and Z 
represent limits of a single slab in a co-ordinate 
system having the given surface point as origin. 
When this computed gravity effect disagreed 
with the observed residual-gravity anomaly, 
slabs were added or subtracted until a reason- 
able agreement was obtained. A more refined 
estimate of the shape of the igneous mass, as 
obtained by the above method, is shown on the 
isopach map (Fig. 8). On comparing this with 
the unmodified results of the first method (Fig. 
9), we see that the actual mass is probably 
thicker near the center, in compensation for 
its smaller surface area. 

REVISED MASS CALCULATION: A second calcu- 
lation of the total mass, made by multiplying 
the number of slabs used above by the mass per 
slab, gave a figure of 5.68 < 108 metric tons. 
The discrepancy between the two mass calcu- 
lations arises because in the first case the 
anomaly was contoured mathematically be- 
tween gravity stations without regard for 
irregularities in the outcrop limits. 

CONCLUSIONS: The gravity data indicate that 
the Mustang Hill igneous mass is a body of 
high density material shaped somewhat like a 
mushroom. The stem of the mushroom, which 
represents the feeder for the igneous material, 
is evidently located near the center of the 
westernmost hill, as shown on the topographic 
map. 

The interpretations presented here are only 
one of several reasonable approaches to the 
solution of this problem. There is actually no 
unique solution to any gravity anomaly, and 
certain basic assumptions must be made for 
the estimation of the density distribution from 
which the anomaly arises. The basic assump- 
tions made in the solution presented here were 
governed primarily by the existing geological 
evidence. 


CONCLUSIONS 


In the absence of well-marked internal dif- 
ferentiation, little can be said about the petro- 
genesis of Mustang Hill. Detailed comparative 
studies of many individual intrusions in this re- 
gion will be required before the conclusions of 
Lonsdale (1927) are elaborated or modified. To 
trace the regional trends of differentiation, it is 
of critical importance to know the relative ages 
of the different intrusions; unfortunately they 
do not cut each other. 
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On questions of tectonic environment and 
mode of emplacement, more evidence is avail- 
able. According to Barth (1956, p. 151) “vertical 
faulting of non-orogenic areas are (sic) the ac- 
cepted prerequisites for the formation of alkalic 
rock suites”. This prerequisite is fulfilled in the 
Uvalde area, where the nearly flat-lying Creta- 
ceous beds are cut by the steep Balcones faults, 
and it appears to prevail in other alkalic basalt 
provinces. In southeast Australia, for example, 
“Sills and laccoliths of teschenitic dolerite... 
are found as a rule among gently dipping strata 
of Cretaceous to Jurassic age, and vary in 
thickness from a few feet to 700 feet”, and 
“most of the rocks are olivine-bearing types 
with titanaugite and rare barkevikite. .. very 
basic and even picritic types may be present”’. 
(David, 1950, v. 1, p. 578) In the upper Pale- 
ozoic igneous rocks of the west of Scotland, 
where teschenites are common, the occurrences 
are sills, plugs, flows, and ‘small lenticular in- 
trusive masses” (Tyrrell, 1912, p. 128). Kylite, 
corresponding to the Mustang Hill rock, is be- 
lieved to be a secondary differentiate of the 
teschenite magma, but forms independent sills 
(p. 121). Among rocks “without conspicuous 
analcite or nepheline”’, the Trabboch Burn rock 
near Stair, Ayrshire, is described (p. 124) and is 
mineralogically similar to the rock of Mustang 
Hill. 

One of the Scottish teschenites, the Lugar 
sill, shows strong internal differentiation (Tyr- 
rell, 1917, p. 84-131). The differentiated layers 
include theralite, picrite, and peridotite in 
downward progression, but none corresponds to 
the mode of the Mustang Hill intrusion. 

Gravimetric and geological evidence indicates 
that the Mustang Hill intrusion is a lens ap- 
proximately concordant with the enclosing 
Eagle Ford formation. Cross sections show that 
it occupies a basin, flanked to the west and 
south by commensurate anticlines. The absence 
of such striset!:es elsewhere in the area, and the 
presence of tne .rumpled limestone flags border- 
ing the intrusion, are evidence that the folding 
is attributable to the intrusion. 

The designation of Mustang Hill as a lac- 
colith follows the original definition of a “lac- 
colite’’ as a mass of igneous rock which “in- 
sinuated itself between two strata and opened 
for itself a chamber by lifting all the superior 
beds” (Gilbert, 1880, p. 19). Gilbert made no 
arbitrary division between “the sheet and the 
laccolite” (p. 20), but Billings (1942, p. 272) has 
suggested that a thickness greater than one- 
tenth of the diameter be taken as the criterion 
of a laccolith and has also stated that the floor 


may be concave, but is rarely seen in typical 
laccoliths. The thickness of the Mustang Hil] 
intrusion has been reduced to an unknown ex. 
tent by erosion, but the coarse grain of the up 
permost surviving parts suggests that the 1:10 
ratio was originally exceeded. Another term, 
lopolith, has been defined by Grout (1918, p, 
518) as a “large, lenticular, centrally sunken, 
generally concordant intrusive mass with its 
thickness approximately {9 to 149 of its width 
or diameter—the type departs from a laccolith 
not only in form but in the probable mechanics 
of its intrusion” (i.e., permissive rather than 
forceful injection). On the basis of size, and eyi- 
dence for forceful intrusion, Mustang Hill does 
not qualify as a lopolith. 

In Vera Cruz, Mexico, there are basaltic 
plugs of mushroom or Christmas-tree shape 
around which an outer annular anticlinal fold 
and an inner concentric funnel depression im- 
mediately surrounding the igneous mass “is at- 
tributed to forceful injection followed by set- 
tling of the magma” (Garfias and Hawley, 1917, 
p. 1154). 

In Ayrshire, Scotland, some of the plugs and 
vents show that “the beds are bent sharply 
down towards the wall of the rock—the result 
of some kind of subsidence within the vent”, 
(Geikie, 1880, p. 469) 

Emplacement of the Mustang Hill laccolith 
is envisioned as a forceful process bowing up the 
strata, followed by a subsidence on release of 
magmatic pressure, which led to a concave floor 
beneath the intrusion itself. The shape of the 
roof of the intrusion is unknown. 
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RANITIZATION, MIGMATIZATION, AND FUSION IN THE NORTHERN 
ENTIAT MOUNTAINS, WASHINGTON 


By Dwicut F. CROWDER 


ABSTRACT 


A tabular quartz diorite complex extends along the Entiat Mountains, which form a 
southeast-trending spur of the Northern Cascade Mountains. The country rocks of the 
complex are biotite gneiss, probably derived from arkosic sedimentary rocks, and horn- 
blende schist, probably derived from basic volcanic rocks. Their present mineral compo- 
sition is typical of the upper epidote amphibolite and amphibolite facies of regional 
metamorphism. 

During regional metamorphism the biotite gneiss was granitized to biotite-quartz 
diorite gneiss and the hornblende schist to hornblende-quartz diorite gneiss. The meta- 
morphic origin of these quartz diorite gneisses involving relatively little replacement is 
shown by their chemical and mineralogical similarity to the original biotite gneiss and 
hornblende schist, by their enclosing long, thin, undisturbed layers of country rocks, and 
by their association with migmatites formed by metamorphic processes. Here and there 
in the quartz diorite gneisses massive rocks with hypidiomorphic granular “igneous” 
textures have formed principally by recrystallization, and these features are associated 
with small-scale swirling of the foliation and some intrusive features, which show that 
the gneiss was rendered plastic and mobile during granitization. 

Migmatites containing replacement bodies and secretions of leucocratic quartz diorite 
occur in the biotite gneiss and in most of the rocks of the complex—particularly in the bio- 
tite-quartz diorite gneiss. During the formation of the complex, the felsic material con- 
tained in the leucocratic rocks, principally sodium, potassium, and silicon, was generated 
by metamorphic differentiation. 

During the granitization, anatectic magmas were formed by fusion of hornblende- 
quartz diorite gneiss, and some similar magma intruded from below. Melting without 
metamorphic differentiation is indicated by the chemical similarity between the anatectic 
quartz diorite and the parent hornblende-quartz diorite gneiss. Smearing out of inclu- 
sions and crystals and the tabular, sill-like nature of the bodies indicate that fusion may 
have been triggered by differential movement and shearing. The anatectic rocks contain 
inclusions of hornblende schist that survived both the granitization to hornblende-quartz 
diorite and the fusion. Crystallization differentiation of the anatectic magmas yielded 
potassium-rich pegmatites and local granodioritic masses. Regional metamorphism con- 
tinued after the anatectic magmas in the sills had solidified; ‘elsic metamorphic differ- 
entiates occur in leucocratic quartz diorite that partly replaces the borders of the sills. 
The leucocratic material was plastic and facilitated differential movement between the 
sill and its walls. 
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INTRODUCTION 
General Statement 


This report deals with the geology of a part 
of the Holden, Washington, quadrangle, most 
of which lies just east of the main divide of the 
Northern Cascade Mountains and about 70 
miles northeast of Seattle (Fig. 1). The 
Northern Cascade Mountains are at the south- 
west end of the Coast Range batholith, where 
that enormous complex pluton disappears 
beneath the vast Tertiary lava flows of the 
northwestern United States. This report 
describes a part of a quartz diorite complex in 
the Entiat Mountains, a major southeast spur 
of the Northern Cascade Mountains, which 
joins the main divide in the Holden quadrangle. 
Gneiss complexes such as this can be duplicated 
in many parts of the world—the classic areas 
are in Scandinavia—but only rarely are they as 
excellently exposed as they are in these recently 
glaciated mountains of northwestern Washing- 
ton. The complex is believed to have formed 
principally by the granitization of hornblende 
schists and biotite gneisses to quartz diorites. 
In this paper the evidence for this hypothesis 
is built up piecemeal in connection with the 
description of the various rocks. 


Previous Work 


Reconnaissance work by the U. S. Geological 


Survey (Russell, 1898; Smith and Calkins 
1904; Smith, 1904; Smith and Calkins, 1906), 
followed by the work of Daly (1912) along the 
Canadian boundary, determined some of the 
general features of Northern Cascades Mour- 
tains geology. Since these early days th 
approximate distribution of the principal rock 
has been outlined by the efforts of a numbe 
of geologists, but the reconnaissance map 
(Fig. 1), which has been compiled from th 
maps of previous workers, shows by its sim- 
plicity how little is known of this large ani 
complex area as a whole. Work within th 
Holden quadrangle includes Richarz’ (1933 
description of the rocks of the Red Mountait 
mine, Youngberg and Wilson’s (1952) dis 
cussion of some features of the geology of the 


Holden mine, and Dubois’ (1954, Ph.D. thesis 


Univ. Washington; 1956) and Morrison’ 
(1954, M.S. thesis, Univ. Washington) mappin 
of two small areas. 


Present Investigation 


Work on the Holden quadrangle by th 
U. S. Geological Survey was started in 195! 
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when part of the underground workings of the 
Holden mine and some of the surface adjacent 
to the mine were mapped. The rest of the 
quadrangle (about 200 square miles) was 
mapped in the following three summers by a 
team of three to four geologists. In the course 
of this mapping a problem arose in regard to 
the genesis of migmatites of leucocratic quartz 
diorite in older rocks that required additional 
work; I therefore spent a fifth summer in the 
quadrangle (1955) studying this problem and 
mapping some areas at a scale of 1:24,000. 
This report discusses these migmatites and 
the adjacent quartz diorites to which they are 
intimately related. 


Topography and Outcrops 


The maximum relief in the Holden quad- 
rangle is 7000 feet, and the highest summit 
altitude is 9511 feet. Heavy underbrush, large 
talus aprons, and glacial and fluviatile debris 
almost completely blanket the valley bottoms. 
About a third of the area is thus covered, as is 
evident from the distribution of structural 
data in Plate 1; above the brushy bottoms 
the outcrops are nearly continuous and 
exceptionally clean. The area has few roads, but 
all the major valleys have trails. 
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Geologie Setting 


Northern Cascade M ountains—The reconnais- 
sance map of the Northern Cascade Mountains 
(Fig. 1) shows the general form and distribution 
of the principal rocks and brings out the 
dominant north and northwest trend of the 
geologic structures. The stratigraphy of the 
metamorphic rocks is practically unknown. 
Fossils are very scarce, though some late 
Paleozoic and Mesozoic forms have been found.! 

Daly’s interpretation of the geologic history 
of the region, as outlined after his traverse of 
the 49th parallel (1912, p. 564-577), has been 
accepted in the main by later workers. Waters 
(1955) sketched the Tertiary volcanic history 
of the northwestern United States and pointed 
out possible genetic relations between the 
volcanic and the plutonic rocks. In_ brief 
summary, the geologic history of the Northern 
Cascade Mountains as now known is as follows: 

(1) In the early and middle Paleozoic the 
Northern Cascade Mountains were part of a 
highland along the Pacific coast which shed 
debris into the Rocky Mountain geosyncline 
farther east. In the late Paleozoic the Pacific 
coast highland sank, forming the western or 
Pacific geosyncline. The Rocky Mountain 
geosyncline rose from the sea and began 
shedding debris into this new basin on the west. 
The approximate line of junction between 
these two geosynclines as given by Daly is 
shown in Figure 1. A fragment of the ancient 
rocks of the floor of the Pacific geosyncline has 
yet to be recognized in the Northern Cascade 
Mountains. 

(2) A major orogenesis culminated in the 
Mesozoic (Nevadan revolution). The Pacific 
geosyncline was highly deformed and meta- 
morphosed, and extensive batholiths of grano- 
diorite and allied rocks were emplaced. 
Mountains rose out of the sea, but the Rocky 
Mountain geosyncline to the east remained 
high and stable. 


1 Ordovician fossils from limestone lenses at the 
headwaters of the Skykomish River were recorded 
by W. S. Smith (1916). Smith’s collection has been 
lost, the rocks from which it came quarried away, 
and the paleontologist who identified Smith’s fossils 
is no longer living (W. S. Danner, personal commu- 
nication). Recent collections from the area have 
yielded only Permian fossils, described by Thomp- 
son, Wheeler, and Danner (1950). 
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(3) Local Cretaceous geosynclines formed 
and were filled. 

(4) In Mesozoic to early Tertiary time 
(Laramide revolution), widespread deformation 
occurred throughout both the Rocky Mountain 
and Pacific geosynclines. Thrusting and folding 
occurred on a grand scale, but no wholesale 
emplacement of granitoid rocks or widespread 
and profound metamorphism occurred, as in 
the Nevadan revolution. 

(5) In Eocene to Pliocene time andesites 
were erupted along the Cascade axis, while 
vast amounts of tholeiitic basalt were extruded 
on both sides. 

(6) Several batholiths were emplaced, one 
possibly as late as post-Miocene, but these 
were not nearly so extensive as those of the 
Nevadan revolution. 

(7) In the Quaternary andesitic volcanic 
cones were built along the Cascade Mountains. 

Rocks dating from all these major periods 
(except number 5) in the geologic history of 
the Northern Cascade Mountains can be found 
in the Holden quadrangle, but the rocks of 
the Holden quadrangle discussed in this report 
were formed during or before the Mesozoic 
Nevadan revolution. 

Holden quadrangle-—The principal features 
of the geology of the Holden quadrangle are 
three northwest-trending belts of gneiss and 
schist (Fig. 1). The rocks in the central belt 
along the Entiat Mountain divide are those of 
the quartz diorite complex discussed in this 
paper; they are chiefly quartz diorite gneiss but 
include some massive quartz diorites (Pl. 1). 
On both sides of this central belt of quartz 
diorite are extensive conformable belts of 
schist and gneiss of the regional terrain, but 
only the rocks immediately adjacent to the 
central quartz diorites are discussed in this 
paper. 

A normal fault, called by Willis (1953, p. 792) 
the Entiat fault, forms the west contact of the 
quartz diorite complex and follows the west 
side of the Entiat Mountains; the Entiat 
Mountains are in part a fault-block range. The 
Entiat fault also forms the east border of a 
large graben, a graben that ends in the southern 
part of the Holden quadrangle because the 
west-bounding fault feathers out. 

The rocks discussed in this report are over- 
lain unconformably by Eocene sedimentary 
rocks that crop out in small areas within the 
graben in the Holden quadrangle. These 
sedimentary rocks contain boulders of gneiss 
and have been correlated with the Eocene 
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Swauk formation which, just south of th 

quadrangle, forms the floor of the graben. 
The Entiat fault and the adjacent shatter 

and sheared gneissic basement rocks are ¢y 


off sharply, in the northwest part of thPE 
quadrangle, by a younger batholith of massiy§ 


granodiorite. This rock apparently forms » 


extensive subjacent mass, for many plugs aif 


dikes of rocks similar to a chilled border ph 
of the batholith have been emplaced along; 
broad zone parallel to the Entiat fault at les 


as far as the south border of the quadrangk: 
. The granodiorite and the granitoid rocks ; 


the southwest and northeast corners of tk 
Holden quadrangle are not discussed in ths 
report. 

Evidence indicates that the rocks of tk 
northern Entiat Mountains are in the core¢ 
an anticline. The northern Entiat Mountaix 
are flanked on the west by a syncline, ai 
reconnaissance observations by Hopson (Wri: 
ten communication) suggest that anothe 
syncline extends along the east flank of tk 
Entiat Mountains outside the quadrangk 
In the northern Entiat Mountains, also, tk 
rocks on the two sides of the quartz diorit 
complex are much the same, even though m 
stratigraphic sequence is repeated. 

The quartz diorites of the northern Entiat 
Mountains may be part of the Chelan bathoiith 
(Waters, 1932, p. 605). Hopson (1955, PhD. 
thesis, Johns Hopkins Univ.; written com- 
munications) traced rocks of this batholith 
almost continuously up the Entiat River valley 
to a point about 4 miles north of the southeast 
corner of the Holden quadrangle, and the roc 
there, a massive quartz diorite, continues 
northwestward into the Holden quadrangle. 
The distinctive biotite gneiss lying just west 
of the Entiat fault in the Holden quadrangle 
is correlated with the biotite gneiss that makes 
up 85 per cent of the Swakane gneiss, fits 
described by Waters (1932, p. 615). Wills 
(1953) traced this gneiss northward along the 
Entiat Mountains from the type locality t 
near the southern border of the Holden quat- 
rangle; the rock are megascopically ami 
microscopically identical, and both contait 
similar minor intercalations of other gneiss 
and schists. 

The quartz diorites in the northern Entus 
Mountains were probably formed deeper in the 
crust than the rocks to the southeast along tht 
trend of the Entiat Mountains or to the wes 
of them. Erosion probably has gone deeper into 
the crust in the Holden quadrangle, which * 
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FicuRE 1.—GEOLOGIC RECONNAISSANCE MAP OF THE NORTHERN CASCADE MOUNTAINS 
Unpublished sources: Bryant, Bethel, Willis, and Chappel (Ph.D. theses, Univ. Wash.), Oles (M.S. 


thesis, Univ. Wash.), Hopson (Ph.D. 


thesis, Johns Hopkins Univ.), Cater and Crowder (U. S. Geological 


Survey open-file report and reconnaissance), Page (Ph.D. thesis, Stanford Univ.) 
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near the crest of the domelike Cascade 
Mountains uplift, than it has on the flanks of 
the mountains. The Swakane biotite gneiss is 
not migmatitized in the foothills near 
Wenatchee where it was studied by Waters 
(1932, p. 618), although it is locally injected 
with pegmatites; in the more deeply eroded 
Holden quadrangle migmatites are a charac- 
teristic feature of this gneiss. Erosion probably 
has gone deeper in the upthrown Entiat 
Mountain fault block, east of the Entiat fault, 
than on the floor of the graben west of it, 
where the basement rocks are partly or com- 
pletely blanketed with the Swauk formation; 
migmatites and rocks that have been granitized 
are more abundant east of the fault than west 
of it. 


Terms Defined 


Plutonic is used here for the deep-seated 
igneous rocks and the metamorphic rocks, as 
distinct from the volcanic and sedimentary 
rocks. It is used in Read’s (1944, p.93) sense as 
one of the three main classes of rocks: plutonic, 
volcanic, and neptunic. 

Granitoid rock is used as many geologists 
use the terms granite and granitic rock, in other 
words for a whole class of quartz-feldspar rocks 
of granitoid texture, of which granite, in the 
strict sense, is somewhat subordinate. Granitoid 
rock is used, because it has fewer compositional 
connotations than granite and granitic rock. 

Granitization is used as Read (1944, p. 47) 
defined it: ‘““Granitization means the process by 
which solid rocks are converted to rocks of 
granitic character without passing through a 
magmatic stage’. Read uses granitic in the 
broad sense, as discussed above. 

Inclusion is used for a body of rock sur- 
rounded by another rock; there is no implica- 
tion concerning the origin of matrix or how 
the inclusions came to be in it. 

Migmatite is used in this report as a 
descriptive term, though the original definition 
(Sederholm, 1907, p. 88-89, 110; 1926, 
p. 133-139, especially p. 135) is genetic. Seder- 
holm believed that migmatites “look like 
mixed rocks” and that they were formed where 
host rocks were supplied with injections of 
magma or emanations from magma. He thought 
that some phases in migmatite formed by 
melting of the host rock. Later workers (Holm- 
quist, 1921) believe that the supply is derived 
by metamorphic processes from adjacent 
rocks, and others believe that it is derived 
from distant rocks by a similar process. 


Wegmann (1935) and Read (1944, p. 63) agree 
that many migmatites look like mixtures by 
also say that granitoid rocks formed by replace. 
ment are migmatites even though they ar 
essentially homogeneous. Thus such varie 
images are conjured up by this genetically 
defined word that it is impossible to use it as 
a descriptive term without redefining it. Until 
there is agreement on how migmatites wer 
formed, a genetic definition must be avoided, 
and if a descriptive definition is substituted it 
should bring to the reader’s mind a picture o 
a migmatite—nothing more. 

A descriptive definition of migmatite js 
given by Turner and Verhoogen (1951, p. 294) 
as “those mixed rocks in which a granitic 
component (in the broad sense of the phrase) 
is clearly recognizable”. This definition contains 
the genetic term mixed (mix and mixture 
commonly imply adding of one thing to 
another); it does not specify the nongranitic 
components and is incomplete without mention 
of scales. In composing a descriptive definition 
for migmatite I have tried to describe the 
migmatite illustrated in Sederholm’s definitive 
paper (1907, Pls. I-VIII) and to keep close to 
Sederholm’s statement (1926, p. 136) that 
migmatites “look like mixed rocks”. I have 
used one genetic term, plutonic, in the definition 
because it seems agreed that migmatite forms 
deep in the earth: 

A migmatite is made up of two or more 
plutonic rocks, one (or more) of which isa 
more granitoid rock than the other(s) and 
occurs in bodies big enough to provide hand 
specimens. Standing a few paces from a typical 
outcrop of migmatite one must be able to see: 
(1) that it is made up of two or more rocks; 
(2) that the more granitoid rock(s) occurs in 
crosscutting tabular bodies, irregular layers, 
pods, or less regularly shaped bodies in the 
other rock(s) or around pieces of the other 
rock(s), without destroying its (their) structural 
continuity; (3) that the more granitoid rock(s) 
makes up a significant volume (at least 10 per 
cent) and is rather evenly distributed. Two 
principal forms, one with contortion and one 
without, can be distinguished. 

This definition excludes from migmatite 
many composite masses and rocks that some 
geologists have called migmatite; no class 
fication can avoid some difficulty with border- 
line cases. The principal types of rock into 
which migmatite grades are rocks such 4 
gneiss and massive granitoid rock which appeat 
homogeneous, breccias containing unoriented 
inclusions, and evenly banded rocks. By 


specifyi 
compos’ 
that gr 
enough 
nition e 
veined 
granitoi 
from a ¢ 
rocks 
excludes 
clusions 
and ma 
scattere 
Banded 
granitoic 
thicknes 
specifica 
lar. Mar 
migmati 
same W 
imperfec 
granite ; 
in the sé 
sidered 
Durin 
Entiat 
cartogray 
which a 
granitoic 
map cer 
places th 
too com 
mapping 
migmatit 
contacts 
ease in 
the rock: 
remappir 
ued as 
migmatiz 
abundan 
granitoid 
in the 1 
became ¢ 


The p 
diorite 
blende 
ties of j 
in | 
émphibol 
All the bi 
Where it 


\ 
: 
| 
i 
od 
: 
4 | 
a 
| 


INTRODUCTION 


pecifying that migmatites must appear 
composite from a distance of a few paces, and 
that granitoid rocks must be in bodies large 
enough to provide hand specimens, the defi- 
nition excludes homogeneous-appearing gneiss, 
veined gneiss with small veins, and massive 
granitoid rock. The definition specifies that 
jrom a distance of a few paces the less granitoid 
rocks must show structural continuity. This 
excludes breccia containing unoriented in- 
clusions (for example, typical intrusive breccia) 
and massive granitoid rock containing a few 
sattered inclusions or ghosts of inclusions. 
Banded gneisses, in which layers of more 
granitoid rock are straight and of uniform 
thickness, are excluded from migmatite by the 
gecification that these layers must be irregu- 
lar. Many of the rocks that are excluded from 
migmatite by this definition are formed in the 
same ways that migmatite forms, but this 
imperfection is not unusual in terminology. A 
granite and a diorite, for example, may form 
in the same way, but they are generally con- 
sidered different rocks. 

During the initial mapping in the northern 
Entiat Mountains migmatite was used as a 
cartographic unit, especially for migmatite in 
which a leucocratic quartz diorite was the 
granitoid rock phase. An attempt was made to 
map certain types of migmatite, but in most 
places these composite masses were considered 
too complex to differentiate at the scale of 
mapping (1:31,680). The result of this use of 
migmatite as a cartographic unit was that 
contacts that could be followed with relative 
ease in unmigmatized areas were lost where 
the rocks were intensely migmatized. During 
remapping the host rock of the migmatite was 
wed as the cartographic unit, and in 
migmatized areas a note was made of the type, 
abundance, and mode of origin of the more 
ganitoid rocks. Contacts were then detected 
in the migmatized areas, and the problem 
tecame comparatively simple. 


PrE-CoMPLEX Rocks 
General Statement 


The principal host rocks of the quartz 
tiorite complex are biotite gneiss and horn- 
tlende schists, which probably represent a 
“ries of interbedded sedimentary and volcanic 
tks in the upper epidote amphibolite or the 
amphibolite facies of regional metamorphism. 
ll the biotite gneiss occurs west of the complex. 
Where it crops out in the Holden quadrangle 
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it is cut by dikes, sills, and irregular masses of 
leucocratic quartz diorite, which in many 
places are so numerous that the composite 
mass is a migmatite. The hornblende schists 
occur in broad belts on both sides of the 
complex, but they also are sparsely interlayered 
with the biotite gneiss and form inclusions and 
layers within the quartz diorite complex. 


Biotite Gneiss 


MEGASCOPIC APPEARANCE: The biotite gneiss 
is rather fine-grained and so well foliated that 
much of it could be called a schist (Pl. 3, fig. 1). 
It has a uniform appearance over large areas, 
but in some places, especially where it is 
intensely migmatized, the quartz and 
plagioclase are distinctly segregated from the 
biotite. Rocks with this good segregation of 
minerals were never seen in sharp contact 
with the more homogeneous and more schistose 
rocks, and many outcrops exhibit all gradations 
between the two. The biotite is deep red brown 
in hand specimens. Hornbiende and epidote are 
locally abundant, and large crystals of kyanite 
were found next to a particularly large segre- 
gation of quartz (5 cm long). The accessory 
minerals commonly visible in hand specimens 
are garnet and muscovite. The marked foliation 
is due to the abundance of mica, principally 
biotite. A lineation formed by streaks of biotite 
in the foliation plane is common. 

TREND OF FOLIATION AND LINEATION: The 
foliation of the biotite gneiss generally strikes 
northwest and is vertical or dips steeply 
southwest, but on the south end of Phelps 
Ridge it strikes generally nearly due east and 
is vertical or dips steeply south. The lineation 
is nearly horizontal or plunges south at a low 
to moderate angle. The only structure in the 
biotite gneiss that is indicated by present data 
is a homocline involving rocks about 12,000- 
17,000 feet thick dipping steeply southwest 
and lying west of the quartz diorite complex. 

Along Phelps Ridge and at Old Gib Mountain 
the foliation is deflected around small plugs, 
which are offshoots of a batholith of granodio- 
rite. The batholith caused little bending of the 
the foliation except north of Red Mountain. 

Small-scale swirling of the foliation is 
common only in places where, as on the south 
side of Chiwawa Peak, the biotite gneiss is 
intensely migmatized; good segregation of the 
biotite and light minerals of the gneiss into 
well-defined lamellae, producing a more 
distinct gneissic texture, is also common in 
these intensely migmatized areas. The migma- 
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tization of biotite gneiss has made the rock 
more subject to plastic deformation and has 
caused metamorphic segregation of its minerals. 

ORIGIN: The nature of the material from 
which the biotite gneiss was derived is obscure, 
for no original textures or structures were 
found in this rock. A sedimentary origin is 
suggested by: (1) the high quartz content of 
the gneiss (about 45 per cent), (2) thin and 
very long conformable layers of quartzite 
interbedded with similarly thin layers of 
garnet-hornblende schist and garnet-biotite 
gneiss on the south side of Chiwawa Peak and 
just east of Red Mountain, (3) several broad 
zones of garnet-rich biotite gneiss that can be 
traced several miles, and (4) long, thin layers 
of hornblende schist, commonly containing 
garnet, in the gneiss. These widespread inter- 
calations of rocks of probably sedimentary 
origin make up only a small fraction of the 
biotite gneiss, but, considering the high quartz 
content of the gneiss itself, they tend to confirm 
Waters’ belief (1932, p. 616) that the biotite 
gneiss represents “a series of metamorphosed 
sediments probably largely of arkosic compo- 
sition’. 

PETROGRAPHY: Mineralogical and chemical 
data for the biotite gneiss are given in Table 5 
(sample 7).'The chief minerals of the gneiss are 
biotite, plagioclase (An 29 + 3),? and quartz. 
The characteristic biotite of the biotite gneiss, 
though red brown in hand specimen, is reddish 
orange in thin section. An analysis of this 
characteristic biotite and its optical and 
physical properties are given in Table 1. The 
accessory constituents of the rock are garnet 
(almandite, a = 11.54 + 0.02A), muscovite, 
apatite, magnetite, and zircon. Hornblende is 
abundant in some places near intercalations of 
hornblende schist. Some of the rock contains 
a little potassium feldspar, which has no 
crosshatch twinning and is probably orthoclase, 
but most of the rocks contain none. 

The microtexture of the biotite gneiss is 
crystalloblastic, and grain boundaries are 
mutually interpenetrating (Fig. 2A). In many 
thin sections, however, the texture is por- 


2 Plagioclase compositions given in this report 
were determined in thin section, without the uni- 
versal stage, from maximum extinction angles. For 
each rock type an average composition for each of 
several thin sections was obtained by taking the 
averages of the compositions of several crystals, and 
the value stated for the rock is the median of these 
thin-section averages. The range given includes ap- 
proximately 90 per cent of the individual thin sec- 
tion averages. 
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phyroblastic: the quartz forms a matry 
between somewhat elongate and roundy 
grains of plagioclase. The plagioclase pg. 
phyroblasts are unzoned, and many enchg 
grains of quartz and biotite. The quartz j 
the matrix forms small interlocking grain; 
which, like the biotite, are comonly dram 
out parallel to the foliation and bent aroun 
the porphyroblasts to produce flow structur 
This fine-grained quartz probably is recrystd. 
lized from larger quartz grains in a more even. 
grained rock, for in some thin sections th 
many small interlocking grains in an aggregate 
of quartz will extinguish almost simultaneous 
under crossed nicols. Perhaps each of thes 
aggregates was once a detrital grain in a 
arkosic sediment. Waters (1932) does not 
mention attenuated, interlocking, and clearly 
recrystallized interstitial grains of quart, 
showing flow structure, in his description of the 
biotite gneisses at the south end of the Entiat 
Mountains; he describes a widespread cataclass 
without much evidence of recrystallization. 
The flow structures in the Holden area nea 
the Cascade divide may grade southward—is, 
upward—into the cataclastic features that 
Waters observed in the foothills of the 
mountains, where the gneiss is less deeply 
eroded. These facts, taken together, suggest 
plastic deformation in a deep zone underlying 
a zone of cataclastic deformation. 
Cataclastic features are common throughout 
the eastern part of the biotite gneiss belt, 
particularly on Phelps Ridge and Estes Butte, 
but there they are related to the Entiat fault 
zone and not to the general and widespread 
cataclasis described by Waters as occurring 
farther south. In thin sections the rocks from 
the eastern part of the biotite gneiss belt are 
seen to contain many microshears, and the 
minerals of the rock are broken, bent, and 
granulated. Most of these cataclastically 
deformed rocks are altered a little and havea 
bleached appearance in the field. On Phelps 
Ridge they are iron-stained on fractures. The 
alteration and staining are particularly marked 
near the small plugs that intrude the gneiss 
Red Mountain and elsewhere and probably 
were caused by emanations from the plugs 
Thin sections show that the biotite has altered 
to chlorite and magnetite, and the plagioclase 
to sericite. The rock contains a littl 
disseminated pyrite, and late secondary epidote, 
muscovite, and orthoclase have been deposited 
along microscopic and megascopic shears. 
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Hornblende Schists which the light and dark minerals are more 
atrir distinctly segregated, are common. Some layers 
indej ¥ \EGASCOPIC APPEARANCE: The hornblende of hornblende schist at the head of the Entiat 
po. f schists are much more varied in composition River contain little or no plagioclase or quartz 
cos BF and texture than the biotite gneiss (Pl. 2, and are almost black. Some of the rock mapped 


a TABLE 1.—COMPOSITION AND PROPERTIES OF BIOTITE FROM BIOTITE GNEISS 
raw 
ound oye = Chemical analysis Physical and optical properties 
ture, 
| 
. B 30 | SiO. 35.49 Color of powder: deep red brown 
Ba 100 Al.O; 20.88 
egal Be eS FeO; 1.49 Specific gravity at 20° C: 3.04 + 0.02 
Cr FeO 17 
these Cu 3 MgO 9.33 Ne = 1.587 
n a Sr 1 CaO «k2 ng = 1.641 
10 Na,O .30 ny = 1.641 
rah Zr 10 K,0 8.85 
art TiO.» .59 ny — Ng = 0.054 
the P:Os -06 
ntiat | MnO 45 2V = very small 
clasis | H.0+ 2.91 X = colorless 
tion, H.0 + 1.07 Y = moderate reddish orange 
new F 1.32 Z = moderate reddish orange 
that 100.58 
the O for F —.55 
eply | 
100.03 
yng 


Simplified formula on the basis of O + OH + F = 12, ignoring minor substitutions: 


rhout Mgi.0\ / Siz.7\ /O 
| belt, Ko OH 
utte, Als Alis/\F /2 


fault 
yread | Locality: 3500 feet southeast of summit of Chiwawa Mountain, Holden quadrangle, Chelan County, 
rring "ashington 


from | Source rock: garnet-biotite gneiss cut by many dikes of leucocratic quartz diorite 

t are § Separation: electromagnetic; material apparently pure except for very small spherical and opaque in- 
| the § cusions in some flakes that did not effect magnetic properties sufficiently to allow these flakes to be re- 
and § moved. 

cally | Specific gravity: by pycnometer method, giving 3.037 and 3.044 at wc. 

vea f Chemical analyst: B. Brunn, Geological Survey of Norway 

helps Spectrographic analyst: K. V. Hazel, U. S. Geological Survey (See Table 5 for standard sensitivities.) 


igs. 1, 2). They are well foliated because of a as hornblende schists is very fine-grained and 
planar arrangement of hornblende, and most only vaguely foliated and could more appropri- 
of the hornblende needles are subparallel. In ately be called fine-grained amphibolite. Garnet 
much of the fine-grained hornblende schist and epidote are the most common accessory 
tomblende is about as abundant as plagioclase minerals visible megascopically, but much of 
tered Find quartz taken together, but in much of it the epidote occurs in crosscutting veinlets or 
clase the proportion of light to dark minerals varies large pods. A little biotite is present in the 
little meatly. Quartz is absent in some places and hornblende schist at the Holden mine and in 
dote, ‘ven where present is not invariably conspic- some of the hornblende schist interlayered with 
sited wus in hand specimens. Gneissic varieties in the biotite gneiss. 
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ORIGIN: In the hornblende schist, as in the 
biotite gneiss, metamorphism has obscured the 
nature of the original material. The thicker 
and more uniform layers may once have been 
basic volcanic rocks. Near Red Mountain 


schist between them is probably also of met. 
sedimentary origin. 


of hornblende schist that a single chemic) 


composition and mode representing the mf 


FicurRE 2.—CRYSTALLOBLASTIC MICROTEXTURES OF B10TITE GNEISS AND BioTITE-QuARTZ DioritE 
A. Biotite gneiss. B. Biotite-quartz diorite gneiss. P = plagioclase, Q = quartz, B = biotite, O =or 


A = apatite, E = epidote 


abundant garnet and thin conformable beds of 
quartzite within the hornblende schist suggest 
that the source material was sedimentary. On 
the west side of Carne Mountain a thin, poddy 
layer of marble occurs in the hornblende 
schist, and near Holden the hornblende schist 
is in contact on the east with red-weathering 
finely laminated mica-quartz-diopside schist 
interbedded with marble. Near this contact 
the calcareous rocks and the hornblende schist 
are interbedded in layers only a few inches or 
a few feet thick, and in the hornblende schist 
about 500-750 feet west of the contact is a 
thin, poddy bed of marble which was traced 
for several miles. Therefore, the hornblende 
schists near Holden are either metamorphosed 
sedimentary rocks or are interlayered with 
sedimentary rocks, but the origin of the great 
body of hornblende schist west of the marble 
bed, although believed to be derived from 
basic volcanic rocks, is less certain. 

Banded gneiss consisting of hornblende 
schist alternating with felsic biotite gneiss 
occurs in many places on the west side of the 
complex—for example on the divide between 
Rock Creek and Box Creek. Some of the felsic 
layers in the banded rocks were probably 
arkosic sedimentary beds, and the hornblende 


is of doubtful significance. Table 5 (sample 1), 
however, presents such data for a composite 
sample collected east of Holden Creek. Hon- 
blende, plagioclase, and quartz are present in 
all thin sections examined. A few rocks consist 
essentially of hornblende only. The hornblende 
in all the schists is a common green to bluish- 
green variety (X = very pale yellow, Y = 
light green, Z = greenish blue). Common acce- 
sories are garnet, epidote, sphene, apatite, and 
ore; scarcer ones are augite, rutile, zircon, 
and allanite. Biotite occurs in some of the 
schist intercalated with biotite gneiss but i 
generally absent elsewhere. 

The plagioclase varies greatly in composition. 
In most of the specimens it is An48 + 5, but 
in rock that is migmatized or interbedded with 
biotite gneiss, or that contains much biotite, 
it is more sodic and more variable—An30 + 10. 
Zoned crystals are rare, but where present the 
zoning is normal, and the zones are as anhedral 
as the grains themselves. Most of the plagie 
clase is dusted with secondary sericite, and the 
hornblende and biotite are partly altered t 
chlorite and magnetite. Such alteration is par 
ticularly common along Phelps Ridge. 

Almost all the epidote appears to be @ 
alteration product derived from plagioclase and 
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f met. f mafic minerals. Halos, patches, or veins of have been in equilibrium with epidote, retro- 

| more sodic plagioclase occur around or near grade metamorphism apparently has caused it 
arietis § epidote inclusions in plagioclase, and near the to be altered to more sodic plagioclase and 
hemicg 
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f the FicuRE 3.—PORPHYROBLASTS AND CRYSTALLOBLASTIC MICROTEXTURES OF HORNBLENDE 
Is ScHIsT AND GNEISS 

A. Hornblende gneiss. B. Hornblende porphyroblasts; plagioclase and quartz granoblastic and fine- 

sition. f grained. C. Plagioclase porphyroblasts and clottedhornblende. P = plagioclase, Q = quartz, H = 
5, but homblende, O = ore, E = epidote, S = sphene 
= rpidote-plagioclase boundaries the epidote is epidote. Possibly the later retrograde meta- 
+10 associated with abundant sericite, which morphism was caused by emanations from 
ch indicates breakdown of the Plagioclase. The below; this belief is supported by the 
edn epidote associated with chlorite and occurring widespread occurrence of epidote in small 
ade next to or within hornblende or biotite is an veins and pods. 
dth iteration product of the mafic mineral. The microtextures of the hornblende schists 
od Subhedral crystals of epidote enclosed in are typically metamorphic (Fig. 3). Most of 
= tornblende and not associated with chlorite the rocks consist of a mosaic of straight-sided 
may indicate simultaneous crystallization of polygons of quartz and plagioclase (granoblastic 
ot the two minerals, but equilibrium between _ texture) enclosing a swarm of parallel, prismatic 
a ‘pidote and plagioclase in these rocks isnowhere hornblende crystals, but a xenoblastic texture, 


dearly shown. Though plagioclase may once 


in which the grains are ragged and interlocking, 
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is nearly as common. Many thin sections may represent the upper part of the epidote 
show mixtures of the two textures—of xeno- amphibolite facies, in which plagioclase ay 
blastic hornblende, for example, with grano- hornblende, even without epidote, form , 


blastic quartz and plagioclase. stable assemblage. 
Porphyroblasts of hornblende and plagioclase 
are common; they are anhedral and interlock Rocks OF THE COMPLEX 
with the groundmass and nearly everywhere 
contain many inclusions, mostly round blebs General Statement 


of quartz. The hornblende porphyroblasts 
grew by the metamorphic agglomeration of 
smaller grains, as shown by the hornblende-poor 
halos around many large, anhedral, sieve- 
textured hornblende porphyroblasts and similar 
halos around clots of small hornblende grains, 
only partly organized into single crystals. The 
plagioclase porphyroblasts are less clearly 
formed by metamorphic agglomeration: very 
few are surrounded by halos of hornblende. 
Many of the clots of feldspar that spot the 
dark schist in the area between Leroy and Quartz Diorite Gneiss 
Willow creeks are made up of interpenetrating 
plagioclase crystals crowded with inclusions of 
hornblende, quartz, and epidote; others are 
single irregular crystals, also crowded with 
inclusions. The plagioclase in the clots and 
porphyroblasts is much more sodic than the 
plagioclase in most of the hornblende schists— 
oligoclase, instead of calcic andesine. 

The association of hornblende and plagioclase 
in the hornblende schists is a characteristic of ij Sa 

the amphibolite facies of metamorphism, If the MEGASCOPIC APPEARANCE: In general i 
metamorphism had been of higher grade, quartz diorite gneisses are distinctive and 
diopside or hypersthene, characteristic of the present no very difficult mapping problem, 
granulite facies, would have taken the place of — Ajthough they all have a granitoid appearance, 
hornblende (Turner and Verhoogen, 1951, nearly every hand specimen differs from every 
p. 446). The lack of equilibrium between epidote other in grain size and degree of foliation and 
and plagioclase makes it impossible to fix the of mineral segregation. Marked variations 
metamorphic facies precisely, but the minerals occur within areas only a few square feet in 


Rocks of the complex consist of quartz dip. 
rite gneiss, migmatite, leucocratic quartz dio. 
rite, and massive quartz diorite, all of whid 
are believed to have evolved during one lon 
and complex period of plutonism. The fry 
three are believed to have formed by gran. 
itization of pre-existing rocks, and the massiy 
quartz diorite by anatectic melting of quary 
diorite gneiss. 


GENERAL STATEMENT: The quartz diorit 
gneisses of the complex are granitized hom. 
blende schists and biotite gneiss; hornblende 
quartz diorite gneisses formed from the hom 
blende schists, and biotite-quartz diorite gneis 
formed from the biotite gneiss. Locally th 
plastic, granitized masses have been mobilizal 
but probably have not moved far. Granitig- 
tion occurred under conditions of the amphibe 


Pirate 2.—POLISHED SPECIMENS AT TRUE SCALE SHOWING TEXTURES OF 
REPRESENTATIVE ROCK TYPES 


Figures 1-4 are of rocks cut perpendicular to foliation; Figure 5 is of a nearly massive rock. Plate illustrate 
granitization of hornblende schist. 

Ficure 1.—Hornblende schist typical of schists in map unit 1. Note thin seams of plagioclase porphyt 
blasts. (1 mile north-northwest of Buckskin Mountain) 

Ficure 2.—Hornblende gneiss typical of gneisses in map unit 1. Note coarsening of grain and beginning 
of segregation. (Phelps Ridge east of Red Mountain) 

FicurE 3.-—Hornblende-quartz diorite gneiss typical of map unit 2. Note hornblende beginning to clot. 
(Half a mile west of Mt. Bonanza) 

Ficure 4.—Hornblende-quartz diorite gneiss with inclusions of hornblende schist typical of map unit + 
Note basified borders and wisps. (114 miles southwest of Buckskin Mountain) 

Figure 5.—Hornblende-quartz diorite gneiss typical of more massive rocks in map unit 3. Note splotchy 
clots and porphyroblasts of hornblende and some euhedral hornblende crystals in lower right corner. (Three 
quarters of a mile east of Seven-Fingered Jack) 
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ROCKS OF THE COMPLEX 


extent, and different rocks are so intimately 
mixed that they cannot be separately mapped. 

The principal varieties of quartz diorite 
meiss are units 2, 3, 4, and 8 on Plate 1,° and 
the distinguishing megascopic features of each 
are as follows: 

(2) Well-foliated hornblende-quartz diorite 
gneiss (PI. 2, fig. 3). Quartz is hard to detect 
in hand specimen. Hornblende forms long, 
black strings of small prisms, which give the 
rock a strongly gneissic appearance and a tend- 
ency to split along the foliation. This is the 
most nearly uniform variety of quartz diorite 
gneiss and is apparently a product of moderate 
granitization of the hornblende schist. 

(3) Granitoid hornblende-quartz  diorite 
gneiss (Pl. 2, fig. 5). In this rock hornblende 
forms irregular crystals and splotches, and 
foliation is not well developed, so that the rock 
looks rather igneous. 

(4) Hornblende-quartz diorite augen gneiss 
(Pl. 2, fig. 4). This rock is characterized by 
augen of quartz as much as a centimeter long; 
quartz that is not segregated into augen forms 
long, narrow streaks. Hornblende occurs in 
short wisps. Marked segregation of the min- 
erals makes the rocks appear rather coarse- 


'Throughout this paper, unit numbers identify 
rock types shown in Plate 1 and/or analyses given 
in Table 5. 
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grained; microscopic examination, however, 
shows them to be rather fine-grained. % 
(8) Biotite-quartz diorite gneiss (Pl. 3, figs. 
2, 3). Biotite occurs in small scattered flakes, 
commonly segregated in wisps and clots. This 
rock is finer-grained than the hornblende- 
quartz diorite gneisses. Some of it is compara- 
tively homogeneous and schistose and closely 
resembles the biotite gneiss west of the com- 
plex (Pl. 3, fig. 1), which is considered the 
parent rock. A common accessory is garnet, 
which occurs on the north side of Leroy Creek 
in crystals as much as 1 cm in diameter. 
FOLIATION: A well-developed characteristic 
of nearly all the quartz diorite gneiss is a 
planar parallelism of hornblende and biotite. 
In a few places hornblende crystals or mineral 
streaks show lineation, but it is rarely dis- 
tinct. The hornblende-quartz diorite gneisses 
commonly contain smears of hornblende- 
rich material parallel to the foliation whose 
length ranges from less than an inch to sev- 
eral feet. Foliation strikes, in general, north 
to northwest. Notable exceptions are in the 
upper Phelps Creek area, just south of Holden 
Lake, and on the south side of the Entiat 
River, where it strikes northeast and east. 
Plate 1 shows the regular foliation trends 
but not the small-scale swirling of the foli- 
ation, which is evident even in small outcrops 


PraTteE 3.—POLISHED SPECIMENS AT TRUE SCALE SHOWING TEXTURES OF 
REPRESENTATIVE ROCK TYPES 


Figures 1-3, 5, and 6 are of rocks cut perpendicular to foliation; Figures 4, 7, and 8 are of nearly massive 
rocks. Figures 1-3 illustrate granitization of biotite gneiss; Figures 7 and 8 illustrate massive and igneous 


rocks of the complex. 


Ficure 1.—Fine-grained schistose biotite gneiss. Typical of rocks of map unit 7 that are not intensely 


migmatized. (Rock Creek at 3100 feet) 


FicurE 2.—Well-segregated biotite gneiss. Texture characteristic of migmatized rocks of map unit 7. 
Texture also typical of the biotite-quartz diorite gneiss of map unit 8. (A quarter of a mile southeast of 


Chiwawa Mountain) 


FicurE 3.—Biotite-quartz diorite gneiss. Typical of rocks and dikes of map unit 8 formed from mobilized 
material. (Half a mile southwest of Seven Fingered Jack) 


Ficure 4.—Fine-grained hornblende-biotite quartz diorite—early dike phase of stock on Buckskin Moun- 
tain. Note euhedral plagioclase phenocrysts of this igneous rock. (Holden mine) 

FicurE 5.—Biotite-quartz diorite gneiss of stock on Buckskin Mountain. Note plagioclase porphyroclasts. 
(Half a mile south of Buckskin Mountain) 

FicurE 6.—Foliated biotite-quartz monzonite—late dike phase of stock on Buckskin Mountain. (Holden 
mine) 

Figure 7.—Biotite-hornblende-quartz diorite from sill north of Ice Lakes which is map unit 5. Note 
stubby euhedral prisms of hornblende similar to those in Figure 5 of Plate 2. (Three quarters of a mile south 
of Hart Lake) 

Ficure 8.—Hornblende-biotite-quartz diorite from sill east of Rock Creek which is map unit 6. Note 
subhedral plagioclase (white) and interstitial quartz (gray). (114 miles northeast of Carne Mountain) 
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of much of the gneiss. Swirling is especially 
prevalent in the biotite-quartz diorite gneiss 
{unit 8) and is nearly lacking in the well- 
foliated hornblende-quartz diorite gneiss 
(unit 2), but except for these limitations the 
swirled and unswirled rocks have no systematic 
distribution and blend imperceptibly into each 
other. Over considerable areas no average 
strike and dip can be taken. I interpret the 
swirling as due to plastic flowage of solid or 
nearly solid masses that differ in plasticity 
from place to place. Had much liquid been 
present, the suspended crystals would show 
the more regular flow structure of igneous 
intrusions in which contortion is confined to 
irregularities along contacts and to proto- 
clastic phases. 

VAGUELY FOLIATED PHASES: Areas of vaguely 
foliated to nearly massive quartz diorite gneiss 
occur at random in a few places, as do the 
areas of swirled foliation. One of the quartz 
divrite gneisses, the well-foliated hornblende- 
quartz diorite gneiss (unit 2), lacks both 
vaguely foliated and swirled phases. In the 
other quartz diorite gneisses the more massive 
rocks form bodies from a few inches to many 
hundreds of feet across, of no particular shape, 
and they grade into the more gneissic rocks. 
Some small-scale structures indicate that the 
massive rock is younger than the gneiss, and 
that its formation is associated with mobi- 
lization of the rocks. Coarser and nearly mas- 
sive streaks of quartz diorite gneiss parallel to 
the foliation enclose ghosts of the finer-grained 
gneiss (PI. 5, fig. 5). The biotite-quartz diorite 
gneiss is cut by a dike of the same rock. The 
dike is nearly massive in some places but else- 
where shows a marked flow structure (Pl. 6, 
fig. 2); mobilization of the gneiss is indicated. 
Other indications of mobilization of the bio- 
tite-quartz diorite gneiss are abundant in 
migmatites containing replacement bodies of 
leucocratic quartz diorite. The vaguely foliated 
gneisses that occur in such spotty fashion 
cannot be relics of an original massive rock 
that have survived penetrative deformation or 
products of uniform granitization or uniform 
fusion. The streaks of massive rocks parallel 
to the foliation and the foliation of the quartz 
diorite gneisses, which is largely conformable 
to the foliation of rocks of the regional terrain, 
indicate the importance of the original foliation 
and of differential movement parallel to the 
foliation in controlling granitization of pre- 
existing rocks to quartz diorite gneiss. The 
mixture of swirled gneiss and vaguely foliated 
gneiss probably resulted from differential 


granitization combined with differential mo}. 
lization. 

FINER-GRAINED GNEISS: Gneiss that is som. 
what finer-grained and less heterogenegy 
than the more common types and grades inty 
them occurs in two northwest-trending zong 
A zone of finer-grained gneiss in unit 3 exten 
from the east face of Seven Fingered Jag 
through the smaller Ice Lake, and another ¢. 
tends all along the east edge of unit 4, ig, 
along the east contact of the quartz diorit 
complex. Smaller zones of fine-grained rocks 
were seen in many other places throughout 
units 3 and 4. The fine-grained rocks look 4 
if they had resulted from differential mov. 
ments, for many enclose large crystals or clots 
of hornblende which have smears of smal 
crystals (including biotite in some place) 
tailing out from them. Thin sections show this 
streaking out of mafic minerals, but they d 
not show any fragmental textures. I interpret 
the finer-grained zones as being due to concen. 
trated differential movement, which contrasts 
with movement associated with the differen. 
tial mobilization that caused widespread swir- 
ing of the foliation. 

SHEAR FOLIATION: In the fault zone border. 
ing the east side of the complex the rocks ar 
so intimately sheared over such a broad ara 
(2000 feet wide in several places) that their 
original foliation is obliterated. Vertical masses 
of mylonite from a fraction of an inch to many 


yards wide are common throughout the fault 
zone, as are smeared-out crystals of hornblende 
and biotite; the biotite and hornblende are 
largely altered to chlorite. 

ANOMALOUS FOLIATION TRENDS: Foliation 
trends deviate markedly in some places from 
the prevailing northwesterly direction, and 
some sharp bends occur in the foliation. These 
anomalies are probably caused by an upwelling 
of plastic gneiss, particularly the biotite-quartz 
diorite gneiss (unit 8) and hornblende-quartz 
diorite augen gneiss (unit 4), which are the two 
most felsic quartz diorite gneisses. The best 
example of anomalous trend is in the biotite 
quartz diorite gneiss (unit 8) about a mile 
northwest of Seven Fingered Jack, where its 
foliation closely follows a sharply curving con- 
tact of general northeasterly trend between 
this rock and the granitoid hornblende-quartz 
diorite gneiss (unit 4). The foliation here out- 
lines a vague domal structure in rocks that 
strike northeast. This structure is probably 
due to a diapiric upwelling of more plastic 
and felsic biotite-quartz diorite gneiss. In the 
Dumbell Mountain area the foliation is hap- 
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hazard and suggests an irregular up-welling. 
Another area of possible upwelling is in the 
hornblende-quartz diorite augen gneiss (unit 4) 


Bb onthe east side of Spectacle Buttes, where the 


foliation delineates a domal structure. Here 
the foliation of this gneiss is comformable for 
sort distances to the irregular western con- 
tact with hornblende schists, and the rock is 
more massive and the foliation more swirled 
in this area than in most other places. In the 
area between the summit of Copper Peak 
and Bonanza Peak the strike of some con- 
tacts of the quartz diorite gneiss and of some 
of the foliation changes from northerly to 
northwesterly. The best examples are near 
the summit of Copper Peak and on the spur of 
Bonanza Peak between Holden Creek and 
Railroad Creek. The general effect of the 
changes in strike is an eastward bulging both 
of contacts and of foliation trends. This bulg- 
ing might be due to any one of the following: 

(1) Preservation of a precomplex flexure 
in hornblende schists that have been granit- 
ized to quartz diorites. 

(2) Pushing eastward by upwelling of a 
diapir of biotite-quartz diorite gneiss (unit 8) 
northwest of Seven Fingered Jack. 

(3) Pushing westward by upwelling of a 
diapir of hornblende-quartz diorite augen 


| gneiss (unit 4) between Copper Peak and 


Buckskin Mountain. (A septum of hornblende 
schist appears to have been wedged aside in 
the area a mile northeast of the summit of 
Copper Peak.) 

(4) Pushing by later intrusions, particu- 
larly by the stock near Buckskin Mountain 
and by the granodiorite batholith exposed at 
the north end of the Entiat Mountains, which 
probably underlies much of the mapped area. 

CONTACT RELATIONS BETWEEN QUARTZ 
DORITE GNEISSES: The relations between two 
kinds of quartz diorite gneiss can best be ob- 
served on the south side of Bonanza Peak, 
where the comparatively granitoid and massive 
tock (unit 3) grades through a zone many 
hundreds of feet wide into the less granitoid, 
well-foliated gneiss (unit 2). This zone is only 
approximately located in Plate 1. The rela- 
tions here indicate that the more granitoid 
rock is a more extensivey granitized and more 
plastic equivalent of the other. In the contact 
ane, gneiss (unit 2), which has distinct and 
unswirled foliation, grades into less distinctly 
ioliated gneiss that contains some nearly mas- 
sve, coarser-grained rock locally showing 
switled foliation and a few vague streaks of 
darker gneiss. Parts of the gradational zone 
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are only a few tens of feet wide. In one place 
the more massive rock, which has a swirled 
foliation, cuts sharply across the foliation of 
the more gneissic rock and is clearly the 
younger. A mobilized portion of the more 
massive gneiss (unit 3) appears to have in- 
truded the better foliated gneiss (unit 2). 
The movement must have been slight, and the 
clear-cut intrusive relations must be local, 
for on Bonanza Peak and farther south the 
contact is irregular, and the foliation in the 
granitoid gneiss (unit 3) does not follow the 
irregularities, as would be expected if this 
rock were to any large extent intrusive; its 
foliation passes undisturbed across embay- 
ments, which indicates that it was formed in 
place. Other observations at the contacts 
between the different kinds of quartz diorite 
gneiss did not give evidence of relative age as 
clearly as that described above. At the north 
end of the biotite-quartz diorite gneiss (unit 8), 
however, the contact is abrupt, and the foli- 
ation in the gneiss curves with the contact, 
which indicates that this rock was intruded 
into the adjacent hornblende-quartz diorite 
gneiss; just west of Holden Creek, on the west 
contact of gneiss (unit 4), there is a zone of 
intricately swirled gneiss 200-400 feet wide, 
which indicates that some movement occurred 
at the contact but does not show the relative 
ages of the rocks. On the west face of Copper 
Peak, however, some dikelike masses of the 
relatively granitoid and massive gneiss (unit 3) 
extend into foliated gneiss (unit 2), which 
indicates that the granitoid gneiss is younger. 

RELATIONS TO PRECOMPLEX ROCKS: The 
nearly ubiquitous parallelism of inclusions, 
the long, thin layers of older rocks in the 
quartz-diorite gneisses, and their many con- 
formable contacts are most easily explained 
by considering that these gneisses were de- 
rived from pre-complex rocks by granitiza- 
tion accompanied by only minor mobiliza- 
tion. It is difficult to explain these features if 
the quartz diorite gneisses are intrusions.‘ 
However, the critical ends of the outcrop of 
the gneissic complex—where a volume in- 
crease, if it has occurred, might be clearly 
demonstrated by wedging aside of country 
rock—have not been mapped. Noble (1952) 
pointed out how difficult it is to prove volume 


‘Intrusion implies that host rocks have moved 
aside to make room for a granitoid rock mass. This 
process includes the growth of petroblastic granitoid 
masses by secretion of material in a place once oc- 
cupied by the host rock, as well as the emplacement 
of a diapir or a magma. 
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increase around intrusions in areas of steeply 
dipping schistose rocks. For these reasons one 
must be particularly careful in interpreting 
the evidence for an origin by granitization. 


\\ 
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FicurE 4.—Contact OF HORNBLENDE SCHIST 
AND Quartz DiorITE GNEIss (UNIT 4) 


Dike interpreted as formed by intrusion of the 
mobilized replacement breccia on the right. From a 
notebook sketch, north side of Entiat River 


A good picture of the general structure of 
the complex can be obtained by greatly en- 
larging Figure 4 of Plate 2. The conformable 
contacts are characterized by alternating 
layers of quartz diorite gneiss and hornblende 
schist. Contacts between individual layers are 
sharp. Sharp, conformable contacts without 
interlayering also occur. A gradational contact 
between hornblende-quartz diorite augen 
gneiss (unit 4) and hornblende schist was ob- 
served in the headwaters of Copper Creek; 
hornblende schist grades into hornblende 
gneiss and into quartz diorite augen gneiss in 
a zone several hundred feet wide; the grain 
size and the proportion of felsic minerals in- 
crease in the hornblende schist as the augen 
gneiss is approached. In the more common 
interlayered contacts layers of hornblende 
schist from a few inches to many yards thick 
generally alternate with similar thicknesses 
of quartz diorite gneiss, though in a few places 
the gneiss layers are much thicker. Some of 
the schist layers have dark, basified margins; 
others consist almost wholly of hornblende 
and contain practically no light-colored min- 
erals, as if they had been made more basic 
throughout. Some hornblende schist layers 
can be traced until they gradually fray out 
into the quartz diorite gneiss. At many places 
on the contacts of the biotite-quartz diorite 
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gneiss—for example on the divide betwee, 
Box Creek and Rock Creek—the layers 9 
schist and gneiss are only a few inches thig 
so that the outcrop is strongly banded; it j 
easy in such places to confuse the biotit. 
quartz diorite gneiss layers with replag. 
ment sills of leucocratic quartz diorite, whig 
are abundant in the hornblende schists ay 
also form strongly banded rocks (PI. 7, figs, 3 
4). Tabular dark inclusions® of hornblenj 
schist and hornblende gneiss are common anj 
widely distributed in the hornblende-quary 
diorite gneisses. The inclusions range fro 
sharply bounded streaks and lenses to strean. 
lined, elongate bodies only a little darker anj 
finer-grained than the surrounding gneiss, The 
borders of some small inclusions (see Pl, } 
fig. 4) have been made more mafic. Other jp. 
clusions, particularly those occurring in smal 
clots and wisps, are nearly pure hornblené: 
and are probably remnants of hornblené 
schist inclusions that have been made mor 
mafic. Even where the enclosing gneiss 
swirled, most of the tabular inclusions folloy 
the contortions, which shows that they wer 
incorporated before the rock was deformed, 
In the well-foliated hornblende-quartz diorite 
gneiss (unit 2) the inclusions form very long, 
thin layers, a few of which can be traced 
until they fray out into the gneiss. Many a- 
tremely long long and thin inclusions occu 
in the other hornblende-quartz diorite gneisses; 
one in the hornblende-quartz diorite augen 
gneiss (unit 4) on Spectacle Buttes is 14-1 inch 
by 40 feet. All inclusions in the hornblende 
quartz diorite gneisses consist of hornblende 
schist or hornblende gneiss that has escaped 
transformation to hornblende-quartz diorite 
gneiss, or some ghost apparently related to 
these rocks; they are not foreign inclusions, 
as might be expected, at least in a few places, 
if the rocks were intrusions. 

The biotite-quartz diorite gneiss (unit §) 
contains inclusions of biotite gneiss as well « 
of hornblende schist and gneiss. The inclusions 
of hornblende schist and gneiss are almost 
everywhere in the form of long, thin layer 
that have sharp contacts with the enclosing 
gneiss; in a few places, however, the incl 
sions fray out into the gneiss. These layers 
were once interbedded with biotite gneiss 
feature common in the biotite gneiss west 0 
the complex—which has been granitized to 
biotite-quartz diorite gneiss. The inclusions 


5In this report inclusion is a descriptive term 
without implication of the origin of the rock that 
contains the inclusion. 
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common in the hornblende-quartz diorite augen 
gneiss (unit 4) adjacent to the septum of horn- 
blende schist on the north side of the Entiat 


of biotite gneiss, bodies that have escaped 
wanitization, are ghostlike wisps and streaks 


wading into the biotite-quartz diorite gneiss. 


TABLE 2.—COMPOSITION AND PROPERTIES OF BIOTITE FROM BioTiTE-Quartz DioriItE GNEISS 


Semiquantitative spectro- | 
graphic analysis (ppm) | 
| 


Chemical analysis 


Physical and optical properties 


Color in powder: dark brown to greenish black 


Specific gravity at 20°C: 3.01 + 0.02 


| Na = 1.589 
| Ng = 1.635 
N, = 1.635 


N, — Na = 0.046 


| 2V = very small 
| X = pale greenish yellow 
| Y = light olive brown 


Z = light olive brown 


B 3 SiO. 35.48 
Ba 100 Al,O; 18.15 
Cr | FeO; 
Cu 10 FeO | 16.39 
3 MgO =| 9.72 
V 10 CaO 76 
Zr 10 Na,O 
7.68 
TiOz 2.25 
| P20; <.01 
MnO 20 
| H,0+ | 4.33 
| | H.O+ -42 
F | 97 
100.38 
O for F 
| 99.97 


Simplified formula on basis of O + OH + F = 12, ignoring minor substitutions: 


Fei.o 
Al.3 


Siz.7\/O 
OH 
Aha/\F /i2 


Locality: 2000 feet southwest of summit of Seven-Fingered Jack, Holden quadrangle, Chelan County, 


Washington 


Source rock: biotite-quartz diorite gneiss showing signs of mobilization 


Separation: electromagnetic 


Specific gravity: by pycnometer method, giving 2.999 and 3.026 at 20° C. 
Chemical analyst: B. Brunn, Geological Survey of Norway. 
Spectrographic analyst: K. V. Hazel, U. S. Geological Survey (See Table 5 for standard sensitivities.) 


Larger irregular masses of biotite gneiss, also, 
grade into biotite-quartz diorite gneiss through 
gneisses intermediate in texture between those 
shown in Figures 1 and 2 of Plate 3. 

Though the most common type of inclusion 
in the quartz diorite gneisses is long and thin 
and conformable with the foliation of the en- 
closing gneiss, some unoriented, angular, and 
sharply bounded, dark inclusions occur. These 
unoriented inclusions, indicative of flowage, 
are generally in the swirled phases of the 
quartz diorite gneisses. Some of them are de- 
ved from hornblende schist layers that have 
broken apart during mobilization of the more 
plastic matrix. Unoriented inclusions are fairly 


River; here, too, a dike of the hornblende- 
quartz diorite augen gneiss containing un- 
oriented inclusions cuts a septum of horn- 
blende schist. (See Fig. 4.) These facts might 
be interpreted as indicating that the gneiss 
was once an igneous intrusive rock, later meta- 
morphosed; if that is true, the igneous and 
perhaps massive texture in the matrix of the 
dike has been destroyed and a gneiss formed 
without affecting the sharply bounded in- 
clusions. I believe that unoriented inclusions 
in swirled quartz diorite gneiss (the elongate 
inclusions usually follow the swirling) may be 
due to mobilization of breccias whose matrices 
formed by granitization, e.g., rheomorphic 
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Figures § and 6 of Plate 7. The unoriented, 
angular inclusions, like the swirled foliation, 
may be another indication that the quartz 
diorite gneiss was locally mobilized. 

PETROGRAPHY: Details of the mineralogy 
and composition of the quartz diorite gneisses 
are given in Table 5 for comparison with 
similar data relating to the hornblende schist 
and biotite gneisses. The plagioclase in the 
three hornblende-quartz diorite gneisses is 
calcic andesine, whereas that in the biotite- 
quartz diorite gneiss is oligoclase. Potassium 
feldspar is nearly absent, except in a few 


breccias (Goodspeed, 1953), and that the dike 
just described may be an intrusion of such a 
mobilized breccia, similar to the ones shown in 
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sharply crosscutting late veins. The quar, 
content of the gneisses ranges from 11 to 39 per 
cent. 


FIGURE 5.—CRYSTALLOGRAPHIC MICROTEXTURES AND PORPHYROBLASTS OF HORNBLENDE-QUARTZ 
DiorITE GNEISS 


A. Clots of hornblende not organized into single crystals. B. Hornblende porphyroblasts, anhedral. 
C. Hornblende porphyroblasts, anhedral and subhedral. Texture of all three granoblastic, but some 
have interlocking borders. P = plagioclase, Q = quartz, H = hornblende 


The microtexture of the biotite-quart 
diorite gneiss (Fig. 2B) is crystalloblastic, and 
the plagioclase, except for vague normal zon 
ing in a few crystals, is characteristically ar- 
hedral and unzoned. The rocks are somewhat 
coarser-grained and have a better segregation 
of light minerals and biotite than does the 
Swakane biotite gneiss parent rock. 

The characteristic olive-brown biotite o 
the biotite-quartz diorite gneiss, strikingly 
different in color from the orange-red biotite 
of the parent biotite gneiss (see Table 1), has 
been analyzed (Table 2). Color is probably not 
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a good indicator of the chemical composition The microtextures of the hornblende-quartz 
of biotite (Hall, 1941, p. 32). It is peculiar, diorite gneisses are metamorpl ‘= (Figs. 5, 6, 
however, that the biotite in the biotite gneiss 7); in the more massive rocks (Fig. 5B) the 


FicurE 6.—IGNEOUS-APPEARING FEATURES IN MICROTEXTURES OF HORNBLENDE-QUARTZ DIORITE 
GNEISS AND MASSIVE QUARTZ DIORITE 


A. Quartz, mostly interstitial, and plagioclase showing suggestions of crystal form in hornblende- 
quartz diorite gneiss. B. Hornblende crystal with inclusions in core and inclusion-free rim in hornblende- 
quartz diorite gneiss. C. Hypidiomorphic granular texture and flow structure of massive quartz diorite. 
P = plagioclase, Q = quartz, B = biotite,O = ore, H = hornblende. Dots around plagioclase crystals 
emphasize crystal form, not zoning. 


is reddish orange when it contains so little texture is generally more interlocking (xeno- 
titanium and is not particularly rich in mag- blastic) than in the less massive rocks 
nesium; in the absence of considerable mag- (Fig. 5A), which have a granoblastic texture 
nesium, the reddish color should indicate that suggesting mosaic. Some show textural features 
the biotite is rich in titanium (Hall, 1941, that could be igneous (Figs. 6A, 6B, 7C). 
p. 30). Hall’s data indicate that the olive- One of the most significant features of the 
brown color of the biotite in the biotite-quartz microtextures of the hornblende-quartz dio- 
diorite gneiss is not anomalous. Comparison of rite gneiss is that the hornblende shows evi- 
the biotite analyses of Tables 1 and 2 shows dence of having recrystallized from small, 
that the change to the biotite during granitiza- anhedral grains in the hornblende schists to 
tion has not been profound. much larger, subhedral, igneous-appearing 
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crystals in some of the gneisses. Some of the 
hornblende schist contains sieve-textured horn- 
blende porphyroblasts, and clots of small 


blende characteristic of most of the gneiss 
and schist. The hornblende porphyroblasts 
in the seams of the recrystallization migma. 


FiGuRE 7.—MICROTEXTURES SHOWING QUARTZ IN HORNBLENDE-QuARTZ D1oRITE GNEISS 


A. Quartz segregation and crystalloblastic texture typical of quartz diorite gneiss (unit 4). B. Hon- 
blende porphyroblast and quartz partly surrounding a group of crystals in quartz diorite gneiss (unit 4). 
Quartz is in attenuated grains and has a flow structure around other minerals. C. Insterstitial quartz 
and subrounded plagioclase. Quartz is in attenuated grains which show a flow structure around other 
crystals. P = plagioclase, Q = quartz, B = biotite, O = ore. 


hornblende grains that have not amalgamated 
into single porphyroblasts; the same features 
are common in the hornblende-quartz diorite 
gneiss. (Compare Figs. 5A and 5B with 3B 
and 3C.) Figure 5C shows poikilitic horn- 
blende the  hornblende-quartz  diorite 
gneiss that has a definite suggestion of crystal 
form, and Figure 6B shows poikilitic cores 
surrounded by inclusion-free rims. These rims 
and many of the better formed hornblende 
crystals are green to brownish green rather 
than green to bluish green like the horn- 


tite (Pl. 4, figs. 1, 2) are also subhedral to 
euhedral and brownish. The recrystallization 
of hornblende to more and more igneous 
appearing crystals has occurred in the follow- 
ing sequence: anhedral grains (Fig. 3A); clots 
of hornblende (Figs. 3C, 5A); large sieve 
textured crystals (Figs. 3B, 5B); subhedral 
sieve-textured crystals (Fig. 5C); subhedral 
to euhedral inclusion-free crystals (Fig. 6B, 
Pl. 4, fig. 2). Where the material that must 
move to effect these changes is highly mobile, 
as in the recrystallization migmatite, the hom- 
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blende in the schist has recrystallized directly 
into subhedral, inclusion-free crystals with- 
out passing through intermediate stages; 
where the material is less mobile, sieve-tex- 
tured crystals develop, and where it is least 
mobile only clots of hornblende develop. 

Recrystallization of plagioclase in horn- 
blende-quartz diorite gneisses follows a similar 
course. The anhedral, unzoned grains (Fig. 5) 
have grown larger in schist (Figs. 3A, C), 
and in some of the hornblende-quartz diorite 
gneisses these show a suggestion of crystal form 
(Figs. 6A, 7C). The plagioclase porphyroblasts, 
unlike those of hornblende, are rarely crowded 
with inclusions. The better formed crystals 
have some irregular normal zoning, but in 
most grains zoning is absent. 

Quartz shows no crystal form in any of the 
quartz diorite gneisses; it forms anhedral and 
interlocking crystals. In the hornblende-quartz 
diorite augen gneiss (unit 4), however, the 
quartz is segregated into large clots and wisps 
(Figs. 7A, B). The quartz in some of the gneisses 
is slightly or decidedly interstitial. (See 
Figs. 64, 7C.) 

These metamorphic changes—hornblende 
and plagioclase attaining better crystal form, 
and quartz segregating and becoming inter- 
stitiah—produce metamorphic rocks whose 
texture looks more or less igneous. Such igneous 
features are most abundant near the sills of 
massive quartz diorite along the Entiat divide. 

Thin sections reveal flow textures in the 
quartz of the quartz diorite gneisses, probably 
as a result of mobilization at a certain stage 
of granitization; microtextures indicate that 
this stage corresponds to the retreat of quartz 
to interstitial positions, where it formed a 
lubricant between the grains of other minerals. 
Figure 7C shows the typical microtexture of a 
rock having flow structure. The quartz occurs 
ina mass of small, interlocking, attenuated 
grains winding around the subrounded plagi- 
oclase crystals, which appear to have rolled 
in this matrix. In some rocks (Fig. 7B) whole 
crystal groups are surrounded or cut by flow- 
textured quartz. The quartz in some of these 
rocks appears to have behaved as a liquid, for 
it fills minute fractures in plagioclase crystals; 
it probably entered such fractures by a replace- 
ment process or by infiltration into the fracture 
as it opened, rather than by flowing into the 
racture. The general lack of bent twin lamellae 
in plagioclase indicates that the deformation 
responsible for the flow structure of quartz was 
essentially plastic rather than cataclastic. 
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Although quartz appears to have flowed in the 
plastically deformed quartz diorite gneisses, 
and many of the plagioclase crystals appear 
to have rolled in this plastic matrix, the horn- 
blende and biotite erystals are ragged and 
dragged out, so that somewhat finer-grained 
and more foliated gneiss is formed by the 
plastic deformation. The layers of such fine- 
grained gneiss form zones that are probably 
due to plastic differential movement between 
thicker layers of hornblende-quartz diorite 
gneiss. Since one of these zones occurs along 
the east contact of the complex, extending all 
along the east part of hornblende-quartz 
diorite augen gneiss (unit 4), part of the com- 
plex probably moved with respect to that 
contact. 

The association of plagioclase with common 
green hornblende in the hornblende-quartz 
diorite gneisses indicates that granitization 
took place under the same conditions as those 
of the amphibolite facies. The brownish-green 
hornblende that occurs sporadically in the 
hornblende-quartz diorite gneiss (Fig. 6B) and 
in the recrystallization migmatite (Pl. 4, 
figs. 1, 2) might indicate that granitization 
took place in the granulite facies (Eskola, 
1952, p. 154). The random distribution of this 
brownish-green hornblende suggests, however, 
that emanations rather than higher tempera- 
ture and pressure caused its formation. 

ORIGIN: Conceivably the quartz diorite 
gneisses were once granitoid igneous rocks that 
have been recrystallized and are now meta- 
morphic rocks. As has already been pointed out, 
if these gneisses were recrystallized from 
massive rocks with hypidiomorphic granular 
igneous textures, this texture in the matrix 
of some breccias has been destroyed without 
affecting the inclusions; this seems unlikely. 
The strongest argument against the view that 
any of the quartz diorite gneisses are meta- 
morphosed igneous rocks is this: wherever these 
rocks have what look like igneous features— 
such as swirled foliation, massive phases, sub- 
hedral inclusion-free crystals, and breccias— 
and the age relation of these igneouslike features 
to metamorphic features has been determined, 
the metamorphic features are the older. 

If the quartz diorite gneisses were formed 
by metamorphism of intrusive sills of mag- 
matic quartz diorite, conformable foliation, 
septa, elongate inclusions, and lack of contact 
breccias could be expected. In the Holden quad- 
rangle the wedging aside of older rocks, which 
would have occurred if the sills were intru- 
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sions, cannot be demonstrated. Additional 
mapping along the strike of the complex is 
needed to help settle the space problem, which 
will be difficult or impossible to solve in an 
area of steeply dipping schistose rocks (Noble, 
1952). It is difficult to believe that, if the quartz 
diorite gneisses were originaJly intrusions, the 
space problem was alleviated by assimilation 
because no zones of contaminatin occur along 
the contacts. 


Massive Quartz Diorite 


GENERAL STATEMENT: The ultimate products 
of granitization of hornblende schists were 
hornblende-quartz diorite gneisses, and in 
places these gneisses were melted and partly 
mobilized, forming massive, igneous quartz 
diorite. Although the biotite gneiss was granit- 
ized, it did not evolve into a magma. Fusion 
and intrusion were localized in long, narrow 
zones along the Entiat Mountain divide and in 
a narrow zone on the west border of the com- 
plex. In a few places the magmatic rocks are 
gneissic as a result of flow and later shearing. 

MEGASCOPIC APPEARANCE: The massive 
quartz diorites are homogeneous rocks that 
have a typically igneous appearance (Pl. 3, 
figs. 7, 8). The long sill extending northward 
from Ice Lakes (unit 5) is a medium-grained 
biotite-hornblende-quartz diorite, characterized 
by stubby, euhedral prisms of hornblende and 
sparse flakes of biotite. The southern extension 
of this sill, on the east side of Rock Creek 
(unit 6), contains more biotite and less well- 
formed hornblende crystals, and in a few places 
it contains some orthoclase. In small areas 
near Mt. Maude and Mt. Fernow the rock 
contains subhedral hornblende crystals up to 
half an inch long and clots of hornblende; in 
one place these clots and large crystals of horn- 
blende are part of a quartz diorite that has a 
swarm of hornblende schist inclusions in it. 
The massive quartz diorite contains local 
fine-grained and gneissic phases. The sill along 
the west border of the complex is so badly 
sheared that its original texture is destroyed; 
it consists largely of a gneiss containing streaks 
of small hornblende crystals that stream from 
larger subhedral crystals. Despite the shearing, 
however, the rock of the sill has a homogeneous 
appearance which distinguishes it from the 
quartz diorite gneisses. Unlike the quartz 
diorite gneisses it is fairly even-grained, and 
its foliation, where present, is not swirled and 
does not vary greatly in distinctness from 
place to place. 


FOLIATION AND LINEATION: Most outcrops oj 
the massive quartz diorite exhibit what appears 
to be an igneous flow structure, marked by 
the planar parallelism of hornblende 
biotite and accentuated by subparallel crystak 
of plagioclase tabular on (010). The foliations 
locally emphasized by dark schlieren, and som 
of the rock in which the dark minerals ar 
notably streaked out is gneissic. The foliation 
is vertical or nearly so and conforms to the 
walls of the sills. Hornblende prisms, miner 
streaks, and dark, pencil-shaped inclusions 
commonly show a distinct lineation which, 
though its attitude was determined in only a 
few places, appears to be moderately inclined 
and nowhere vertical. The bending of the folis. 


_tion that makes it trend north-northeast north 


of Dumbell Mountain was probably caused by 
the pressure of the adjacent intrusive batholith 
on the west. 

INcLusIONS: The sill north of Ice Lak« 
contains widely distributed inclusions, all o 
which consist of hornblende schist or of rocks 
evidently derived from it. These are clustered 
in definite zones parallel to the contacts and 
foliation but are not concentrated at the con- 
tacts. Some of the mappable zones are show 
in Plate 1. No hybrid rocks occur along con- 
tacts to indicate that the sill has assimilated 
wall rocks. The inclusions range from sharply 
bounded, angular fragments to vague streaks 
a little finer-grained and darker than the sur 
rounding quartz diorite. Strikingly banded 
rocks are formed in some places—notably east 
of Dumbell Mountain—where the inclusions 
have been drawn into long smears and rod 
parallel to the foliation. The inclusions were 
probably derived from hornblende schist of the 
regional terrain that has escaped both graniti- 
zation to hornblende-quartz diorite gneis 
(unit 3) and fusion in place to anatectic quartz 
diorite magma. 

If the sill north of Ice Lakes is intrusive into 
the surrounding hornblende-quartz 
gneiss (unit 3) and biotite-quartz diorite gneis, 
inclusions of these rocks should occur in the 
sill; if the hornblende-quartz diorite gneiss was 
fused in place it would not form recognizable 
inclusions—especially if the zone of melting 
were sharply bounded, as it might be if localized 
along a narrow shear or stress zone. If the 
tabular body of massive quartz diorite is it 
trusive, the inclusions should be either concet- 
trated near contacts or evenly distributed, 
instead of being clustered in zones. This cluster 
ing in zones would be expected, however, if the 
hornblende schist inclusions were relics that 
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have persisted through granitization and 
jysion. Many intrusive magmatic bodies are 
surrounded by zones of assimilation, and the 
lack of such hybrid rocks around the tabular 
mass north of Ice Lakes is evidence against 
intrusion of igneous rock. The rolling and 
smearing out of hornblende schist inclusions 
indicates differential movement, but this 
could be due to a stress that triggered fusion, 
rather than to wholesale upward movement 
of an intrusive sill. 

The sill on the east side of Rock Creek has 
fewer inclusions than the sill north of Ice Lakes, 
its inclusions do not occur in zones, and many 
are concentrated at contacts. These features 
suggest that the sill was emplaced by intrusion 
rather than by fusion in situ. Near the roof 
pendants of hornblendite and pegmatite on the 
south side of Pomas Creek the quartz diorite 
is charged with inclusions of hornblendite, 
which are much rolled and streaked parallel to 
the contact (PI. 4, fig. 4). Subhedral hornblende 
crystals as much as half an inch across are 
abundant in the quartz diorite near these in- 
dusions, which indicates that not only they, 
but also the isolated clots and large crystals of 
hornblende which occur here and there in all 
the massive quartz diorite, are relics of in- 
completely assimilated inclusions and were not 
precipitated from a magma. 

Just east of Peak 8000, on the east side of 
Rock Creek, a patch about an acre in area is 
occupied by a tightly packed cluster of sub- 
rounded hornblende schist inclusions, which are 
variously transformed, as are the hornblende 
schists in the recrystallization migmatite. The 
space between the inclusions is filled with peg- 
matite and aplite rich in microcline. Dikes of 
this rock cut the surrounding quartz diorite, 
which in this area contains almost 5 per cent 
potassium feldspar, considerably more than 
usual. When the inclusions broke up apparently 
the only material available to fill the fractures 
was potassium-rich magma or emanations from 
the local potassic phase of the surrounding 
quartz diorite. These potassium-rich dikes 
indicate that late satellitic emanations from 
the quartz diorite magma in the sills might be 
expected to be rich in potassium feldspar. 
Since most of the leucocratic quartz diorite 
that forms abundant migmatite and banded 
gneiss near the sills contains no potassium 
feldspar, the leucocratic rocks probably are not 
genetically related to the quartz diorite 
magmas. 

CONTACT RELATIONS: Except for the sill 
bordering the Entiat fault, contacts of sills of 
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massive quartz diorite are largely obscured by 
later sills, dikes, and masses of leucocratic 
quartz diorite. The leucocratic rocks, however, 
do not encroach far into the massive quartz 
diorite except in thé north end of the sill in 
upper Box Creek. Within the contact zone 
there are indications of differential movement, 
between sill and wall rock, which occurred 
mainly in the leucocratic rocks. Along the west 
contact of the sill along the upper part of Rock 
Creek, many lenses of foliated hornblende- 
biotite-quartz diorite surrounded by leucocratic 
quartz diorite are strung out parallel to the 
contact; the foliation of many of the inclusions 
is inclined at a high angle to the streaking, 
and many have halos and cometlike tails of 
biotite-rich leucocratic quartz diorite. At this 
locality, despite the screen of leucocratic rocks 
and the differential movements, the contacts 
can be located within 50 feet. At Ice Lakes, 
along the west contact of the massive quartz 
diorite sill, there are alternating layers, each 
about a foot thick, of leucocratic quartz diorite, 
massive quartz diorite, and quartz diorite 
gneiss. The gneiss layers contain strung-out 
aggregates of hornblende, and the layering 
suggests differential movement in a zone made 
particularly plastic by numerous sills of leuco- 
cratic quartz diorite. 

Near the Entiat fault the contacts of the 
sill are not obscured by leucocratic masses, 
but some of its critical features have been 
destroyed by intensive shearing. The sill there 
contains angular, unoriented inclusions of 
hornblendite and hornblende schist in several 
places, and similar inclusions were found in 
small dikes that cut the adjacent hornblende 
schist. 

Contacts of the massive quartz diorite sills 
are marked by broad zones of particularly 
massive hornblende-quartz diorite gneiss (unit 
3); these zones were not mapped. Along the 
east side of the sill near the Entiat fault and 
on the north face of Mt. Maude the more 
massive phases of the hornblende-quartz diorite 
gneiss occur in zones several hundred feet wide, 
and in the Dumbell Mountain area similar 
gneiss crops out for at least half a mile on each 
side of the sill. On the west side of Ice Creek 
the hornblende-quartz diorite gneiss near the 
sill has a particularly igneous appearance. These 
border zones of more granitic gneiss next to the 
sills are probably highly granitized rocks that 
were partly mobilized and perhaps locally 
melted, whereas the sills resulted from more 
nearly complete melting and, in places, active 
intrusion of this anatectic material. The ex- 
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posures that suggest these relations are near 
the lake at the headwaters of Big Creek, where 
irregular patches and zones of particularly 
massive gneiss crop out. This gneiss contains 


diorite gneisses. The accessory minerals ap 
sphene, apatite, ore, and zircon; the secondary 
minerals are epidote, chlorite, and sericite 
Potassium feldspar is scarce in most of th 


TABLE 3.—MopEs OF MAsSIVE QuARTZ DIORITE 


Volume percentages to nearest '2 per cent calculated with the Chayes point counter, using 1000-15 


| Mean Mean 

Plagioclase. 5514} 50 | 43 5814) 5614! 5114| 5314} 4916! 54 55 | 5419] 51 | 
Quartz.....| 22 | 25 | 28's] 23 | 1814! 23 | 18 | 9 | 19 | 1114) 1114) 2214) 
Hornblende.| 914]. 914) 2 | 5 | 1314] 714! 16!g| 32 | 20 | 24 | 27 | 9 | 
Biotite.....| 1014) 11 | 13% 11144; 8 | 4 | 924] 1014] 3%! ol 6 | 14 3 17 
Apatite [+ | + |+ | + [4 
Sphene. 116) + | + | + | + 
Wl il... +/+] 1 2/1) w+ 
Chlorite....| 1%! 1 1 | 1 | 7%) + | + | + | 
Fpidote.. 2 | 5 1 | | wl wl wl wi 3 24) 1 
Musco- | | | | 

K feldspar. .. 6%] Wl... | 1%] 2 | | 
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nclusions of hornblende schist smeared out 
nto long streaks, and also scattered, unoriented 
inclusions of better foliated hornblende-quartz 
diorite gneiss (Pl. 5, fig. 6). These features 
together suggest differential movement in a 
very plastic mass, the more massive phases of 
which may have been molten. In other areas 
the gneiss has a more massive appearance near 
the sills than elsewhere but has no inclusions 
and lacks the intense streaking, swirling, and 
effects of movement that are shown in the 
rocks of the upper Big Creek area. 

In several places on the east side of the sill 
near the Entiat fault the comparatively massive 
quartz diorite of the sill grades into quartz 
diorite gneiss through a transitional zone 
several hundred feet wide. This transitional 
zone contains many large, subhedral horn- 
blende crystals that fray out into streaks of 
small crystals. These streaks indicate that the 
gneissic appearance of the rocks is partly due 
to late shearing. 

PETROGRAPHY: The massive quartz diorites 
are mineralogically similar to the hornblende- 
quartz diorite gneisses but contain more biotite. 
The plagioclase is andesine (An 35-42), a little 
more sodic than that in the hornblende-quartz 


rocks, but microcline is abundant in pegmatitic 
phases around inclusions. Details of mineralogy 
and composition are given in Tables 3 and 5; 
typical hand specimens are _ illustrated in 
Figures 7 and 8 of Plate 3. The microtextures 
of the massive quartz diorites, unlike those of 
the hornblende-quartz diorite gneisses, are 
fairly uniform; all are hypidiomorphic granular 
(Fig. 6C). The plagioclase crystals are well 
formed and are commonly tabular parallel to 
(010); many are subparallel and suggest a flow 
structure. Although most of the plagioclase 
crystals are unzoned, progressively zoned and 
progressive oscillatory zoned crystals, which 
have as many as 20 rings, are not rare. Those 
that show oscillatory zoning are commonly 
better formed than those that are unzoned or 
normally zoned. The cores of zoned crystals 
contain only 1 or 2 per cent more anorthite 
than the rims, and the differences between 
oscillatory zones are even smaller. Traces of 
reverse zoning were noted in the sill north of 
Ice Lakes. 

The quartz is distinctly interstitial and 
molds itself around the plagioclase crystals. 
In some sections it is attenuated and streaked 
out between the plagioclase, as is common in 
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some of the quartz diorite gneisses. In general, 
quartz showing a flow structure is much rarer 
in the massive rocks than in the gneisses. 

Most of the hornblende is green to bluish 
green, as in most of the hornblende-quartz 
diorite gneisses, but in some sections it is 
brownish green (X = pale yellow, Y = greenish 
brown, Z = greenish blue) like that in the 
more granitoid phases of gneisses and porphy- 
roblasts in the recrystallization migmatite. 
Most hornblende crystals are subhedral and 
have few inclusions, but there are some poikilitic 
grains like those in the hornblende schists and 
hornblende-quartz diorite gneisses. In many 
places elongate hornblende crystals, like tabu- 
lar plagioclase crystals and flakes of biotite, 
are approximately parallel and give the rock a 
good flow structure. 

Some of the biotite occurs along cleavages in 
hornblende or forms partial rims around horn- 
blende, from which it appears to be derived. 
The amount of biotite varies considerably 
from place to place. 

ORIGIN: It might be argued that the massive 
quartz diorites were formed by complete 
granitization of hornblende-quartz diorite 
gneisses and never were molten. An extensive 
modal-analysis survey is needed to determine 
accurately the degree of homogeneity of the 
rocks. The rocks appear homogeneous in the 
field, but the few modes that were measured 
(Table 3) indicate that their composition varies 
widely. Their flow structure and unoriented 
inclusions could be due to plastic flow in a 
solid rock. 

Every igneous feature in the texture of the 
massive quartz diorites can develop in meta- 
morphic rocks; such evidence could be used to 
show that the diorites never were molten. The 
migmatites in hornblende schist and the horn- 
blende-quartz diorite gneisses contain sub- 
hedral to euhedral hornblende crystals, com- 
monly brownish, that have grown in the solid 
state from smaller anhedra of green horn- 
blende, and closely similar brownish hornblende 
crystals occur in the massive quartz diorite. 
Subhedral plagioclase crystals and interstitial 
quartz have also developed in the quartz diorite 
gneisses of metamorphic origin. Even some 
plagioclase crystals which have oscillatory 
zoning, probably porphyroblasts, occur in the 
replacement migmatite in hornblende schist. 
Compton (1955, p. 36) says that the normally 
zoned plagioclase in the granitized inclusions 
in the border zone of a batholith in California 
“ls reconstituted to new oscillatory zoned 
grains.” Apparently the igneous texture of the 
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massive quartz diorite could have developed 
by metamorphism alone. However, hypidio- 
morphic granular textures in the metamorphic 
quartz diorite gneisses, which occur in contact 
with the massive quartz diorite, are irregularly 
distributed and imperfectly developed, and 
even if these metamorphic rocks were more 
highly granitized it is unlikely that this hetero- 
geneity would be destroyed. Therefore, the 
strongest microscopic evidence that the massive 
quartz diorite is igneous rather than meta- 
morphic is that it has a well-developed hypidio- 
morphic granular texture throughout each mass. 

The essential minerals of the massive quartz 
diorite are the same as those of the adjacent 
hornblende-quartz diorite gneisses of similar 
chemical composition: they are hornblende, 
andesine (near An 35 to 42), quartz, and biotite. 
It can be argued that if the massive diorite is 
igneous it should contain some high-tempera- 
ture minerals indicating magmatic origin. One 
specimen at Ice Lakes contains clinopyroxene, 
but if clinopyroxene was ever formed through- 
out the mass, virtually all of it has been 
converted to hornblende. This conversion would 
be expected, however, if the magma cooled 
very slowly. The granodiorite batholith at the 
north end of the Entiat Mountains contains 
some clinopyroxene in its chilled border phases; 
and clinopyroxene presumably was once present 
in the main mass, but it has been converted 
to hornblende and biotite, even though this 
batholith, as shown by its chilled border, prob- 
ably cooled much more rapidly than the massive 
quartz diorite sills that show no signs of chilling. 

The massive quartz diorite is only slightly 
more felsic than the hornblende-quartz diorite 
gneiss that melted to form the magma from 
which the massive rock crystallized. It is com- 
monly argued that an anatectic magma must be 
much more felsic than the parent rock, because 
the last material to crystallize will be the first 
to melt. But the rate of melting and the ability 
of mobilized material to escape the zone of 
heating are equally important in determining 
the composition of an anatectic melt. If nothing 
leaves the system—if fusion is rapid there is 
little opportunity for constituents to leave—the 
melt will have the same composition as the 
original rock. If the melting is slow the con- 
stituents are the first to melt and that will be 
more felsic than the original rock, may leave 
the zone of heating, but the residue, if it melts, 
will be more mafic than the original rock. The 
similarity in composition of the massive quartz 
diorite and the parent hornblende quartz 
diorite gneiss in the northern Entiat Moun- 


= 
100-150) | 
3/7 | 
| 
M4 1 
914! 
24) 
| 
| 
|+ 
| 
| 


852 D. F. CROWDER—NORTHERN ENTIAT MOUNTAINS, WASHINGTON 


tains could indicate rapid and complete fusion 
of the gneiss. 

The tabular form of the bodies of massive 
quartz diorite and the evidence of differential 
movement in them parallel to contacts indicate 
that fusion may have been triggered by shearing 
or intense differential movement or both. While 
Bennington (1956, p. 569-570) argues that 
mafic rocks will concentrate in the shear zone, 
the massive quartz diorites are slightly more 
felsic than their wall rocks. Bennington ignores 
the possibility that shearing may make the 
shear zone more permeable, and hence more 
accessible to rising felsic material, and that 
fusion in the shear zone would trap these felsic 
materials in the anatectic magma. 


Migmatites in Hornblende Schist 


GENERAL STATEMENT: Three types of mig- 
matite have developed in the hornblende 
schists. The first type, which contains many 
bodies of leucocratic rock, is discussed in the 
later section on leucocratic quartz diorites. 
The other two contain no leucocratic rocks; 
in most places they are cut by leucocratic 
dikes. One of these types is characterized by 
transformation of the hornblende schist into 
spectacularly coarse-grained hornblendite or 
hornblende diorite pegmatite; the dominant 
processes in this change appear to have been 
metamorphic segregation and _ recrystalliza- 
tion, and these migmatites are therefore called 
recrystallization migmatite.* The second type 
of migmatite, which was evolved where the 
schists were replaced and deformed, is a strongly 
streaked migmatite containing elongated in- 
clusions of altered schist in a matrix of lighter- 
colored, fine-grained rock. In places this 
replacement migmatite, as it is called, was 
mobilized so that dikes of it intruded adjacent 
rocks and even parts of the migmatite. 

STRUCTURE AND PETROGRAPHY OF THE RE- 
CRYSTALLIZATION MIGMATITE: The recrystalliza- 
tion migmatite is best exposed on the east 
side of Pomas Creek and at a locality farther 
southeast, just outside the quadrangle, where 
large blocks or roof pendants of this migmatite 
are surrounded by the massive igneous quartz 
diorite of the ccmplex. Smaller masses of the 
recrystallization migmatite are included in the 
quartz diorite gneiss throughout the area be- 
tween Ice Lakes and Pomas Creek. At the 


6 I follow the scheme outlined by Ramberg (1949, 
p. 50-51) in classifying the more granitoid rocks in 
the migmatite (and the migmatite itself) as bodies 
formed by recrystallization, replacement, or secretion. 


Holden mine a few dioritic seams and hom. 
blendite masses occur in the hornblende schist 
and similar rocks also occur near the contact of 
the complex at the quadrangle boundary on the 
east side of Rock Creek. The structure of these 
composite rocks is partly illustrated in Plate 4, 

Hornblende schist in areas where recrystal. 
lization migmatite is abundant contains seams 
and clots of hornblende diorite and hornblende. 
quartz diorite and clots of hornblende. The 
contacts of these seams and clots with the 
hornblende schist are gradational and irregular, 
and the structure of the hornblende schist js 
not deflected around them; the seams and clots 
were formed in place. Nearly all the seams 
occur along definite lines, which indicates that 
some pre-existing structure controlled their 
formation. In places the seams coalesce to form 
wider bands of diorite and quartz diorite and 
large clots of hornblende. In the migmatite the 
hornblende schist has become a vaguely foliated 
and fine-grained amphibolite, much of which 
is a heterogeneous mixture of coarser- and finer- 
grained phases that grade into each other (PI. 
4, fig. 2). The larger metamorphic hornblende 
crystals develop excellent crystal form, and 
few are crowded with inclusions. In some of 
the smaller masses of recrystallization mig- 
matite, such as those at Ice Lakes, the schist 
contains round splotches of plagioclase up to 
1 cm in diameter, peppered with hornblende 
inclusions, in a matrix of heterogeneous horn- 
blende diorite containing needlelike hornblende 
crystals; these rocks grade from coarse-grained, 
almost pegmatitic spotted rocks to fine-grained, 
only slightly spotted hornblende schists. 

These recrystallization migmatites grade 
into large masses of hornblendite and coarse 
hornblende diorite pegmatite containing 
euhedral hornblende prisms up to 6 inches 
long, which I believe formed by more nearly 
complete segregation of the minerals of horn- 
blende schist. The spectacular hornblendites 
and pegmatites are mixed with medium- and 
coarse-grained hornblende diorites, which all 
contain euhedral needles of hornblende. The 
general structure and the gradational relation- 
ships can be pictured by imagining that the 
texture of the rock in Figure 2 of Plate 4 is 
coarsened. 

In thin sections of the recrystallization 
migmatite as well as in the field, rims of plagio- 
clase and quartz around hornblende por- 
phyroblasts and rims of hornblende around 
plagioclase porphyroblasts are conspicuous and 
suggest metamorphic segregation and recrystal- 
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jization. The porphyroblasts of hornblende in 
the hornblende schist are anhedral, are crowded 
with inclusions of plagioclase and quartz, and 
are greenish blue to green; those in the dioritic 
and quartz dioritic seams contain no inclusions, 
are subhedral, and are commonly brownish 
(X = pale yellow, Y = greenish brown, Z = 
greenish blue). The plagioclase porphyroblasts, 
whether in the seams or spotting the schist, 
generally show a faint normal zoning and fair 
crystal form, whereas both zoning and sub- 
hedral form are rare in the normal plagioclase 
of the hornblende schist. The plagioclase in the 
seams is more sodic (An 30 + 5) than that in 
the adjacent schist, as if some sodium had 
been added. Quartz is slightly more abundant 
in most of the seams than in the near-by horn- 
blende schist. This may be due to segregation of 
quartz rather than addition of silica, though I 
did not note any quartz-depleted zones along- 
side the seams. The hornblende schist in the 
recrystallization migmatite is poorly foliated in 
most places; apparently it was recrystallized 
under stress-free conditions. The hornblende is 
seen in thin sections to form shorter, stubbier 
prisms than those in unmigmatized hornblende 
schist. Biotite, rare in the large bodies of typical 
hornblende schist, is a common accessory in 
the hornblende schist of the recrystallization 
migmatite, which suggests that some potassium 
was added during the migmatization. 

Quartz, though present in most of the seams, 
appears to be scarce or absent in the horn- 
blendite and hornblende diorite pegmatite, but 
the difference may be merely apparent, for the 
quartz is easy to see where concentrated in 
seams but becomes less conspicuous where re- 
distributed through a mass of pegmatite de- 
rived from the schist. The plagioclase of the 
pegmatite ranges from labradorite to oligoclase, 
and it is commonly mottled and irregularly 
veined with more sodic plagioclase, which may 
have been formed by a flood of sodic solutions. 
The hornblende, as noted in the field, is con- 
spicuously euhedral and forms slender prisms or 
even needlelike crystals. 

This transformation of fine-grained horn- 
blende schists to structureless and very coarse- 
grained rocks with euhedral crystals began 
along the foliation and along fractures, from 
which it spread through large masses of the 
tock. Despite the mineralogical differences de- 
scribed above and possible chemical changes, 
the proportions of hornblende, plagioclase, and 
(uartz appear to have changed little during this 
Process, as is evident in small areas (PI. 4, fig. 2) 
and is also indicated by the general appearance 
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of larger masses. For this reason, and because 
felsic halos commonly occur around hornblende 
porphyroblasts and halos of hornblende around 
plagioclase porphyroblasts, the migmatite is 
believed to have formed by metamorphic 
segregation and recrystallization of the minerals 
of the schist rather than by a replacement of the 
schist. 

The growth of the hornblende porphyro- 
blasts that are scattered through the schist was 
impeded by the surrounding grains, so that 
these porphyroblasts are anhedral and contain 
many inclusions; in the fracture-controlled 
seams and dikes, where material was far more 
mobile, the hornblende freed itself of inclusions 
and assumed good crystal form. The large 
euhedral hornblende crystals in the horn- 
blendites and pegmatites also indicate high 
mobility of the material in the rock. 

In short, the migmatite appears to have been 
derived from hornblende schists mainly through 
segregation and recrystallization, with little 
addition or subtraction of material. The process 
occurred under stress-free conditions, and 
the catalysts (fluids, ions, ichors) that pro- 
moted recrystallization and segregation did not 
soak through the entire mass but were chan- 
neled along fissures and foliation planes. As the 
largest masses of coarse-grained hornblendite 
and pegmatite all form inclusions or roof 
pendants in the magmatic phases of the com- 
plex and do not occur in the metamorphic 
phases, such rocks apparently could develop 
only when the schist was stewed in a true 
magma. 

STRUCTURE AND PETROGRAPHY OF THE RE- 
PLACEMENT MIGMATITE: The replacement mig- 
matite is best exposed in the Holden mine, 
where it is scattered through hornblende 
schists, and in the area between Ice Lakes and 
Pomas Creek, where many small masses of 
migmatite are surrounded by quartz diorite 
gneiss. The migmatite contains swarms of ban- 
nerlike inclusions of dark hornblende schist in a 
matrix of fine-grained, light-colored quartz 
diorite, as shown in Plate 5. In much of the 
migmatite the lighter-colored rock is like the 
schist—it is only slightly lighter and occurs in 
ill-defined streaks parallel to the foliation, 
which are hard to distinguish except on a per- 
fectly clean, smooth surface. 

The dark inclusions of hornblende schist have 
many of the same megascopic and microscopic 
features as the host rocks of the recrystalliza- 
tion migmatite. They are somewhat coarser and 
not so well foliated as the original hornblende 
schist, and in some places, particularly at the 
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Holden mine, they are considerably darker and 
finer-grained, which may indicate that they 
have been made more mafic. In many areas 
they are only vaguely foliated and resemble fine- 
grained quartz diorites or microdiorites. In thin 
section the inclusions are'seen to consist of fine- 
grained granoblastic biotite-hornblende-quartz- 
plagioclase schist; the plagioclase is An 46 + 6. 
Common accessory minerals are apatite, sphene, 
and ore; secondary minerals are chlorite, sphene 
(in veins), epidote, and sericite. In some sections 
a few of the larger plagioclase crystals are sub- 
hedral and show normal oscillatory zoning, 
which suggests that the rocks have an igneous 
history. I was unable to decide whether these 
zoned crystals are younger or older than the 
predominant metamorphic features, or whether 
they are porphyroclasts or porphyroblasts. 
Most contain three or four zones differing only 
1-3 per cent in anorthite content. Some of the 
zones are idiomorphic, and some are irregular; 
some are sharply bounded, and some are grada- 
tional. Most of the margins of the plagioclase 
crystals are intergrown with the surrounding 
minerals, and one was seen that had a slight 
concentration of biotite and hornblende around 
it, like the mafic rims around porphyroblasts in 
the recrystallization migmatite; most crystals 
are free from inclusions. Some of the crystals 
are elongated across the undisturbed foliation 
of the rock. 

Field evidence indicates that the light fine- 
grained streaks between the dark inclusions in 
the migmatite are of replacement origin. They 
consist of fine-grained _ biotite-hornblende- 
quartz diorite that has a marked foliation 
parallel to the streaking. The best evidences, 
perhaps, for a replacement origin are the finger- 
ing out of schist into the lighter rock, the com- 
plete gradation between the schist and the 
somewhat lighter and coarser-grained zones and 
seams within it (PI. 5, fig. 1), and the persistence 
of foliation across all projections of the lighter 
rock into the schist. The general streakiness of 
the rocks suggests that much differential move- 
ment has occurred. The light rock might be the 
igneous matrix of a breccia subsequently de- 
formed and metamorphosed, but it seems un- 
likely that all the features indicating replace- 
ment and the alignment of all unoriented 
inclusions in the original breccia could have 
resuited. In thin sections one sees that the 
lighter rock is coarser-grained than the inclu- 
sions and contains much more quartz. Most of 
the hornblende crystals in it, like those in many 
dioritic seams in the recrystallization migmatite, 


have no inclusions and are brownish green 
which suggests that the two migmatites, though 
strikingly different in appearance, may he 
closely related in origin. Unlike the granitoid 
phases of the recrystallization migmatite, which 
lack directional features, most of the lighter 
streaks in the replacement migmatite have , 
pronounced flow texture. The quartz is inter. 
stitial, and many streaks of attenuated quartz 
grains bend around clusters of plagioclase ang 
hornblende crystals and are parallel to the 
biotite flakes. All the quartz is in irregular 
interlocking grains, which shows that it was re. 
crystallized, and there are no fragmental ter. 
tures. The flow texture, like the appearance of 
the outcrops, suggests differential movement 
due to plastic deformation. The plagioclase in 
the light streaks has the same composition as 
that in the dark inclusions, and some shows 
oscillatory zoning. Since the field evidence indi- 
cates that the light streaks are of replacement 
origin, the oscillatory zoning of the plagioclase 
appears to have developed in a solid or nearly 
solid rock. 

The replacement migmatite contains in- 
clusions of some of the principal rocks in the 
complex—quartz diorite gneiss and leucocratic 
quartz diorite, and that fact raises some difficult 
problems (Pl. 5, fig. 4). The inclusions are 
angular; some foliated inclusions are unoriented 
with respect to the streaking and foliation of 
the migmatite. They occur both in the dark 
banners and in the lighter streaks between. 

The inclusions in the light streaks appear to 
have been incorporated when the migmatite 
was mobilized. This is indicated by two dikes of 
replacement migmatite that contain both dark 
banners and lighter streaks. One of these dikes 
cuts sharply across the foliation of the hom- 
blende-quartz diorite of the complex and con- 
tains disoriented, angular inclusions of foreign 
rocks (Pl. 5, fig. 3). The other cuts across the 
streaking of a large body of the replacement 
migmatite; in other words, a mobilized portion 
of the migmatite cuts a nonmobilized portion. 
The first-mentioned dike cuts, and contains it- 
clusions of, leucocratic quartz diorite of the 
complex—a rock that elsewhere cuts the mig- 
matite. Therefore, the mobilization of the re- 
placement migmatite must have occurred 
during the formation of the leucocratic rocks. 

The angular and disoriented inclusions 0 
hornblende gneiss and hornblende-quartz diorite 
in the dark banners of the replacement mig- 
matite are more difficult to explain, for they 
must be older than the formation and mobiliz- 
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tion of the migmatite. These inclusions suggest 
the possibility that the original rocks were once 
basic igneous dikes but were converted to horn- 
blende schist without destruction of their in- 
cusions before they were migmatized. The field 
evidence bearing on this possibility is conflict- 
ing. The possibility that the original rocks were 
once dikes is supported in the area between Ice 
Lakes and Pomas Creek, where masses of re- 
placement migmatite in hornblende schist are 
isolated in the quartz diorites of the complex. 
Here the dark, fine-grained rock, which is mig- 
matized, forms many dikelike masses that cut 
across the banding of the surrounding quartz 
diorite gneiss, which is interlayered with leuco- 
cratic quartz diorite. The migmatite is also 
contorted and streaked parallel to the banding 
and is cut by dikes of the leucocratic quartz 
diorite. These complex relations suggest that 
the rock that has been migmatized was in 
dikes but that these dikes were emplaced 
and then migmatized during deformation and 
during the emplacement of the leucocratic 
quartz diorite. Other features in the area be- 
tween Ice Lakes and Pomas Creek do not sug- 
gest the possibility that the pre-migmatite 
rocks were dikes. From Ice Lakes southward 
migmatites in hornblende schist, formed both 
by replacement and by segregation, are concen- 
trated in a long, narrow zone just east of the 
Entiat Mountain divide, and most of the larger 
masses of migmatite are elongated parallel to 
the regional trends. The migmatites thus appear 
to have formed in hornblende schist of the 
regional terrain rather than in old dikes. In the 
Holden mine the replacement migmatite is in 
hornblende schists that contain lenses and 
lavers of marble; the dark banners in the mig- 
matite at the mine, therefore, cannot be inter- 
preted as old dike rock. Just how inclusions 
were incorporated in the dark banners in the 
migmatite remains unknown. 


Leucocratic Quartz Diorite 


GENERAL STATEMENT: Leucocratic quartz 
diorite occurs in complex migmatites and in 
banded gneisses in the western parts of the 
complex and in the biotite gneiss of the Holden 
quadrangle (Pl. 1, sketch map). During the 
granitization of biotite gneiss and hornblende 
schist into the quartz diorites of the complex, 
felsic material separated from the rocks by 
metamorphic differentiation. The felsic ma- 
terial collected in places where pressure was low 
and formed leucocratic quartz diorite by re- 
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placement and secretion. The replacement and 
secretion’ migmatites and the banded gneisses 
thus formed are particularly abundant in the 
biotite gneiss and biotite-quartz diorite gneiss, 
but they also occur in adjacent hornblende 
schist and granitoid hornblende-quartz diorite 
gneiss (unit 3); even the massive quartz diorite 
magmatic rocks were partly migmatized after 
they had solidified. In the migmatites the 
masses of leucocratic rocks have an extremely 
wide range in form and size; they include indi- 
vidual porphyroblasts, splotches, and small 
lenses, and sills and dikes (Pls. 6, 7). There are 
a few small stocks of leucocratic quartz diorite. 
The sketch map in Plate 1 shows the distribu- 
tion of the leucocratic bodies in the host rocks 
and those places where they are most abundant. 
The leucocratic quartz diorite was formed 
almost entirely by replacement of other rocks 
along definite lines. Crosscutting secretion 
dikes and concretions of leucocratic quartz 
diorite in the foliation planes occur, but in 
smaller volume than the replacement bodies. 

MEGASCOPIC APPEARANCE: The leucocratic 
quartz diorite is generally massive but is ob- 
scurely gneissic in some places where mica, 
generally biotite, occurs as parallel flakes or as 
clots. It consists chiefly of plagioclase and 
quartz, in widely varying proportions, but most 
of it contains small amounts of microcline, 
biotite, muscovite, and epidote; garnet is a rare 
accessory. Potassium feldspar is extremely 
scarce. The rocks range in grain size from 
coarsely pegmatitic to fine-grained; fine- to 
medium-grained rocks are the most abundant. 
Many bodies contain rocks of differing grain 
size which almost everywhere grade into each 
other within a few inches. Small bodies of pure 
quartz or single crystals or clots of plagioclase 
occur but are much rarer than bodies of leu- 
cocratic quartz diorite. 

The emplacement of the leucocratic rock has 
been strongly influenced by the structure of the 
host rock in which it occurs: the more distinctly 
foliated the host rock is, the greater the tend- 
ency for the leucocratic rock to develop along 
the foliation planes; the more massive the host 
rock is, the greater the tendency for the leu- 
cocratic rock to form irregular masses or dikes. 
The following discussion is therefore divided on 
the basis of the type of host rock in which the 
leucocratic rock occurs. 


TT follow the scheme outlined by Ramberg (1949, 
. 50-51) in classifying the metamorphic quartzo- 
feldspathic rocks as replacement or secretion bodies. 
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LEUCOCRATIC ROCK IN BIOTITE GNEISS: In the 
biotite gneiss the leucocratic rock occurs as an 
integral part of the gneiss and in all gradations 
from pods to lines of pods to sills parallel to the 
foliation (Pl. 6, figs. 3, 4, 5). In biotite gneiss in 
which the light and dark minerals are par- 
ticularly well segregated, the quartz and plagio- 
clase occur in long lenses that grade into biotite- 
rich streaks. The well-segregated biotite gneisses 
contain lenses of leucocratic rock as much as 
several inches long which do not have ducts 
leading to them; these lie parallel to the general 
trend of the foliation, though the foliation is 
bent around them. They appear to be very 
much like the smaller quartz-plagioclase segre- 
gations in the gneiss except that they are some- 


what coarser-grained; many of them are par- 
ticularly rich in quartz, and most of them have 
thin rims of nearly pure biotite. They grade 
from separate, closely spaced lenses to lense 
joined together to form irregular sills tha 
pinch and swell. The bending of foliation 
around lenses indicates that the emplacement 
of the lenses, at least locally, was accompanied 
by an increase in volume of the enclosing 
gneiss. These small and ductless lenses cannot 
possibly have been intruded; the material in the 
lenses must have arrived by infiltration, The 
infiltrating material formed a body which either 
forced the gneiss aside as it grew or filled a space 
as it was opened by tectonic forces. 

Dikes formed by secretion occur where felsic 


Pirate 4.—RECRYSTALLIZATION AND METAMORPHIC SEGREGATION IN 
HORNBLENDE SCHIST AND ULTRAMAFIC ROCKS 


FicurE 1.—Seams and sills formed by segregation and recrystallization of hornblende schist. (South side 
of upper Pomas Creek) 

Ficure 2.—Uneven texture in schist between seams of hornblende formed by segregation and recrystalli- 
zation. Note felsic rims on some seams. Pencil point for scale. (South side of upper Pomas Creek) 

FicureE 3.—Pegmatitic hornblende diorite with uneven texture. Note euhedral needles of hornblendeand 
large hornblende crystals. (South side of upper Pomas Creek) 

Ficure 4.—Inclusions of coarse hornblende, rolled and streaked out, in massive igneous quartz diorite, 
near its contact with recrystallization migmatites in hornblende schist, e.g., Figures 1-3. Clusters of lange 
euhedral hornblende crystals in homogeneous igneous quartz diorite away from contacts are probably not 
pyrogenic but represent inclusions of hornblende schist that have been made mafic, such as those illustrated 
here. Pencil for scale. (South side of Pomas Creek) 

Ficure 5.—Clot of hornblende diorite formed by segregation and replacement in ultramafic rock. Com- 
pare with Figure 2. Specimen is about 7 inches high. (Holden mine) 

Ficure 6.—Horblende diorite of coarse and uneven grain, derived by granitization of ultramafic rock. 
Compare with Figure 3. Specimen is about 4 inches high. (Holden mine) 


PLatE 5.—REPLACEMENT MIGMATITE IN HORNBLENDE SCHIST 
AND INCLUSIONS OF QUARTZ DIORITE GNEISS 


FicurE 1.—Vague light-colored streaks of diorite in hornblende schist. Such rocks grade into migmatite 
with well-developed light-colored streaks. View about 2 feet by 2 feet. (North side of Pomas Creek) 

FicureE 2.—-Biotite-quartz diorite streaks formed by replacement of hornblende schist. Note interfingering 
contacts. (Outlet of upper Ice Lake) 

FicurE 3.—Intrusive dike of mobilized replacement migmatite cutting quartz diorite gneiss and lev 
cocratic quartz diorite. Note flow structure of inclusions of schist and leucocratic quartz diorite. (1 mil 
north of Carne Mountain) 

Ficure 4.—Inclusions of hornblende gneiss and leucocratic quartz diorite in replacement migmatite 
presumably incorporated during its mobilization. View about 3 feet by 3 feet. (Outlet of upper Ice Lake) 

Ficure 5.—Seams and streaks of relatively coarse and massive hornblende-quartz diorite gneiss cutting 
and enclosing lenses of finer-grained gneiss near the pencil. (Three quarters of a mile south of the northem 
Spectacle Butte) 

FicurE 6.—Migmatite interpreted as having been formed by partial melting in a zone of intense deforms 
tion. Coarser rocks on right and unoriented inclusions near ice ax are hornblende-quartz diorite gneiss, U0 
melted; dark streaks are hornblende schist, also unmelted. Finer, lighter-colored massive quartz diorite may 
be the anatectic melt. (Three quarters of a mile southeast of Dumbell Mountain) 
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materials filtered into fractures as they spread foliation of the enclosing biotite gneiss is not 
apart. These dikes are straight and of uniform distorted next to them. Displacement is obvious 
widths, and some can be traced many tens of along some dikes that follow fault planes. The 
yards. Most of the contacts are sharp, and the dikes formed by secretion contain practically no 


Pirate 6.—SEGREGATION, PLASTIC FLOW, AND DIKES OF 
LEUCOCRATIC QUARTZ DIORITE IN BIOTITE GNEISS 
AND BIOTITE-QUARTZ DIORITE GNEISS 


Ficure 1.—Leucocratic quartz diorite in biotite-quartz diorite gneiss that has been formed by granitiza- 
tion of biotite gneiss. Compare with less intensely migmatized biotite gneiss in Figure 3. Shows the end of a 
thin layer of hornblende gneiss; such layers are common in the quartz diorite gneisses. (1 mile west of outlet 
of upper Ice Lake) 

Ficure 2.—Border of a mobilized dike with flow structure cutting well-segregated biotite-quartz diorite 
gneiss. The gneiss (around pencil) blends with the more leucocratic mobilized phase through a zone of slightly 
deformed rock 3-4 inches thick. The contact is much more gradational than most contacts of mobilized 
dikes in biotite gneiss as shown in Figure 4, apparently because both rocks were unusually plastic. (1 mile 
northwest of Mt. Maude) 

Ficure 3.—-Rolled boudin of hornblende schist in plastic biotite gneiss. Note how lubrication by leu- 
cocratic quartz diorite aids the plastic deformation. Biotite gneiss is typical of migmatized areas. It has good 
segregation of minerals and contains leucocratic quartz diorite lenses, some with coarse biotite in and around 
them. Note the flow-banded, mobilized replacement dike, which is shown by the bending of the gneiss to 
have moved from right to left. (Three quarters of a mile west of Chiwawa Mountain) 

FicurE 4.—Mobilized replacement dike, showing flow structure, in biotite gneiss. Replacement origin is 
indicated by mingling of gneiss with the dike at the bottom, rims of biotite on the dike, and, near center of 
right margin, clots of biotite in the dike opposite biotite streaks in the gneiss. Bending of gneiss indicates 
that the dike moved from bottom to top. Dike is about 5 inches wide. (6 miles northwest of Chiwawa Moun- 
tain) 

Ficure 5.—Contact of secretion dike enclosing a splinter of biotite gneiss wall rock. Note lack of any 
contact features and complete gradation of dike material into felsic parts of the well-segregated biotite 
gneiss. Absence of biotite in the dike and lack of deflection of gneiss at contact distinguishes this dike from 
the mobilized replacement dikes in Figures 3 and 4. (A quarter of a mile southeast of Chiwawa Mountain) 

FicurE 6.—Massive biotite-quartz diorite, with biotite clot, segregated from the gneiss. Overlaps left 
side of Figure 1. (1 mile west of outlet of upper Ice Lake) 


7.—LEUCOCRATIC QUARTZ DIORITE IN 
HORNBLENDE-QUARTZ DIORITE GNEISS 


Figure 1.—Large replacement sills and small seams and pods of leucocratic quartz diorite. Note clots of 
biotite, basified septa, and vague mafic streaks, all inherited from the gneiss, and contortion of all the rocks. 
Where such replacement sills or dikes flow plastically, flow structure develops as shown in Figures 3 and 4 
of Plate 6. (114 miles south of Dumbell Mountain) 

Ficure 2.—Replacement clots and seams of leucocratic quartz diorite. Note rims of biotite and contor- 
tions of gneiss. (114 miles south of Dumbell Mountain) 

Ficure 3.—Lit-par-lit replacement sills in banded hornblende gneiss. Despite their regularity, these sills, 
a in Figure 1, are thought to be largely of replacement origin. (Divide between Rock Creek and Box 

r 

FicurE 4.—Close-up of replacement sill in banded gneiss. Note undisturbed hornblende crystals and 
basified septa. Needle gives scale. (Divide between Rock Creek and Box Creek) 

Figure 5.—Replacement breccia of massive quartz diorite cut by dikes of leucocratic quartz diorite. 
Some inclusions still fit together; except for late faulting as in lower left, there is only a vague suggestion of 
movement. (North side of upper Pomas Creek) 

FicurE 6.—Mobilized replacement breccia dike of leucocratic quartz diorite showing a flow structure. 
The inclusions and ghosts of inclusions, though much crowded, are not rounded by flow, suggesting that 
they have not been carried very far. (1 mile north of Dumbell Mountain) 
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mafic minerals, and the one inclusion I found 
in a dike of this kind (Pl. 6, fig. 5) did not 
appear to have been forcibly ripped from the 
wall and rolled about. Where the dikes cut 
felsic segregations in the biotite gneiss, there is 


FicurRE 8.—VIsuAL EFFECTS OF SEGREGATION 


A. All five columns contain 15 per cent mafic 
material by area but variously segregated. Illustrates 
how segregation creates the illusion that felsic ma- 
terial has been added. B. All five columns contain 
15 per cent mafic material as in (A) but differently 
segregated. Mafic material has migrated to walls of 
a fracture, which has been filled with felsic material 
secreted from the walls. There has been no volume 
change, and the mafic material in the walls is now 
23 per cent. Shows by comparison with (A) that the 
increase in mafic minerals adjacent to the dike is 
hardly detectable in rocks whose light and dark 
minerals are well segregated. 


no sign of a contact between the rock in the 
dikes and the felsic segregations; the dikes and 
the segregations appear to be the same rock. 
Some dikes have fingerlike branches projecting 
for short distances into the biotite gneiss, but 
it seems unlikely that the dikes supplied ma- 
terial to the myriad felsic segregations dis- 
tributed through the large areas of biotite 
gneiss between the dikes. These straight, even, 
inclusion-free and _ particularly mafic-poor 
quartz diorite dikes that show no contact dis- 
turbances probably started as tectonic fractures 
in the gneiss, which were filled, as they opened, 
by felsic material filtering into them from the 
surrounding biotite gneiss. The dikes probably 
did not form by replacement. If they did it is 
difficult to explain their regularity, lack of con- 


tact effects, and lack of any biotite inherite 
from the biotite gneiss. If the dikes were ip. 
trusive, one would expect more inclusions, eyj. 
dence of rolling or streaking of inclusions, floy 
banding, deflection of foliation in the enclosing 
gneiss, and possibly more differences between 
the dikes and the felsic parts of the biotite 
gneiss. 

If the felsic material in the dikes was ex. 
tracted from the surrounding biotite gneiss, 
one would expect a halo rich in basic material 
to occur in the gneiss. No such halo has been 
detected, but the heterogeneous character of 
the biotite gneiss would make one hard to 
recognize even if it were there; even a rather 
marked concentration of dark minerals would 
be difficult to detect in the field unless it oc. 
curred very near the dikes. (See Fig. 8.) Around 
small segregations and secretion lenses, hovw- 
ever, where small distances are involved, bio- 
tite-rich halos are conspicuous, which suggests 
that some felsic material has been secreted from 
the surrounding gneiss. 

The most common dikes in the biotite gneiss 
are leucocratic quartz diorite dikes formed by 
replacement of the gneiss. These are crooked 
and irregular compared to the dikes formed by 
secretion in the gneiss. Most contain some 
coarse-grained biotite unevenly distributed in 
streaks, bands, or clots in the white quartz 
plagioclase rock, and the contacts are marked 
in places by clots of coarse-grained biotite. The 
biotite is the same orange-red variety as that 
in the surrounding biotite gneiss. The foliation 
of the enclosing biotite gneiss passes undis- 
turbed through many of these dikes, and most 
inclusions are undisturbed. Their contacts, 
though irregular, are sharp. These features, 
together, indicate a replacement origin. The 
more coarse-grained the dike the greater the 
development of clots of coarse biotite, both in 
the dike and at the contact; this suggests a 
greater mobility of basic material and more 
rapid diffusion in the pegmatitic bodies. The 
pegmatitic material generally occurs in what 
were probably places of lowest pressure: pods 
of it were formed, for example, in the crests of 
small folds and where layers of competent 
gneiss between sills of leucocratic rock tend 
to separate (Fig. 9). In many places the peg- 
matitic dikes of leucocratic quartz diorite cut 
all the other finer-grained bodies of leucocrati¢ 
quartz diorite. 

Many of the replacement and secretion dikes 
show signs of mobilization and intrusion (Pl. 
6, figs. 3, 4). The most obvious intrusive fea- 
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tures are the flow structure of biotite and tabu- 
lar inclusions parallel the dike walls. Some of 
these dikes, showing indications of flow, branch 
from irregular replacement dikes, sills, or pods 
that show little indication of movement. Even 
a strongly flow-banded dike (Pl. 6, fig. 4), 
interpreted as a mobilized replacement dike, 
till shows replacement features; the foliation of 
the enclosing gneiss is deflected in the same 
direction on both sides of this dike, which in- 
dicates mobilization and intrusion of plastic 
material in the replacement dike rather than 
imply differential movement within it. The 
quartz-feldspar rocks in the replacement and 
secretion dikes, sills, and smaller lenses in the 
biotite gneiss are very similar in megascopic 
appearance, although they are seen to differ 
in grain size and in the amount and the dis- 
tribution of biotite. The source of the felsic 
material, therefore, is probably the same for 
all the various bodies. 

During the emplacement of the leucocratic 
quartz diorite in biotite gneiss the migmatite 
that was formed became plastic. Most of the 
foliation of the well-segregated phases of the 
biotite gneiss, which is common in the most 
highly migmatized areas, is crumpled. The 
competent layers of hornblende schist have 
drifted apart, and the surrounding biotite 
gneiss or leucocratic quartz diorite has col- 
lapsed into the space between, producing typical] 
boudinage structures. The biotite gneiss is 
more competent than the leucocratic quartz 
diorite. (See Fig. 9.) In places the biotite gneiss 
became so plastic that separate pieces of a 
hornblende schist layer were rolled (Pl. 6, fig. 
3). These signs of plastic deformation are in 
rocks far from the complex, on the downthrown 
side of the Entiat fault. The numerous signs of 
mobilization found in the quartz diorite gneisses 
east of the Entiat fault, in the more deeply 
eroded upthrown block, are to be expected. 

LEUCOCRATIC ROCK IN BIOTITE-QUARTZ DI- 
ORITE GNEISS: In the biotite-quartz diorite 
gneiss most of the leucocratic rock grades into 
the gneiss and is an integral part of it (Pl. 6, 
fig. 1). In areas where the gneiss is migmatized, 
it is well segregated into light and dark streaks, 
which makes the rock as a whole appear leu- 
cocratic; consequently, in the field one tends to 
overestimate the amount of leucocratic quartz 
diorite in the migmatite; only on perfectly 
clean outcrops that expose dikes of leucocratic 
tock can a comparison be made to ascertain 
how much of the composite mass is gneiss. Most 
of the leucocratic rock occurs in streaks and 
sills parallel to the foliation of the gneiss. The 
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whole aspect of the migmatite suggests that the 
biotite-quartz diorite gneiss was thoroughly 
soaked with felsic material and thereby ren- 
dered plastic. The leucocratic material was 
not emplaced as a magma, but the exposed 


FIGURE 9.—PEGMATITE OCCURRING WHERE A 
LAYER OF BioTITE GNEISS TENDS TO 
BE PULLED APART 


Part of a migmatite consisting of alternating 
layers of biotite gneiss and leucocratic quartz diorite. 
Lined pattern = well-foliated biotite gneiss; white 
= leucocratic quartz diorite; black = clots of 
coarse-grained biotite. Where the gneiss layer ap- 
pears broken, pegmatitic leucocratic quartz diorite 
occurs and grades into the fine- to medium-grained 
leucocratic quartz diorite of the main sills on either 
side. Shows preference of pegmatite for places of 
lowest pressure, where gneiss layer was probably 
under tension, and replacement of gneiss by peg- 
matitic leucocratic quartz diorite. 


structures in the outcrops do not show whether 
the added felsic material in the replacement 
bodies filtered through the gneiss from an out- 
side source or whether it is a metamorphic 
differentiate of the gneiss. Many of the latest 
dikes of leucocratic quartz diorite are straight, 
contain practically no dark minerals, and con- 
tain no inclusions; some of them grade along 
strike into the gneiss or into the heterogeneous 
mixtures described above. These dikes are 
probably formed by secretion in fractures that 
formed after the main period of migmatization 
and plastic deformation was over. 
LEUCOCRATIC ROCK IN HORNBLENDE SCHIST 
AND GNEISS: In hornblende schist and gneiss 
the leucocratic rock commonly occurs in 
straight, parallel, and closely spaced layers 
from a fraction of an inch to several inches 
thick; the rocks formed are banded gneisses 
(Pl. 7, figs. 3, 4). Even though these layers are 
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not poddy and irregular, like most replace- 
ment layers in other rocks, they are thought to 
have been formed by replacement. They con- 
sist mainly of quartz and plagioclase but con- 
tain some hornblende and in places a little 
garnet and biotite. The hornblende is concen- 
trated at contacts, and these contacts are 
somewhat gradational. The thin layers of 
leucocratic rock are banded, in too regular a 
manner to be the result of flow. Asymmetrical 
layers (Pl. 7, fig. 4) were probably not formed 
by replacement along a single foliation but by 
replacement along several closely spaced folia- 
tion planes, which by gradually coalescing 
could have partly eliminated an intervening 
septum and produced a single banded layer. 
Hornblende-rich margins and bands suggest 
that metamorphic differentiation has accom- 
panied the replacement. A few mafic-free 
leucocratic quartz plagioclase layers that occur 
without contact effects or internal banding 
may have formed by secretion. 

Some of the banding of the gneiss in the 
area extending north from Carne Mountain to 
Leroy Creek represents relict bedding. The 
light layers in such rocks are petrographically 
very similar to the biotite-quartz diorite gneiss 
of the complex and are easily confused with 
the leucocratic quartz diorite replacement 
layers. Unlike the layers thought to be formed 
by replacement they show no contact effects 
or banding and contain evenly distributed 
biotite. Some are many yards thick, yet none 
contain inclusions, nor do they crosscut the 
hornblende schists or have any features that 
suggest intrusive origin. 

LEUCOCRATIC ROCK IN MASSIVE AND GNEISSIC 
HORNBLENDE-QUARTZ DIORITE: As the massive 
and gneissic hornblende-quartz diorite is less 
perfectly foliated than the biotite gneiss, the 
leucocratic rocks in it occur more commonly as 
clots, dikes, and in the matrix of breccias rather 
than as sills; the fewsills they doform are poddy 
and irregular and of replacement origin (PI. 7, 
figs. 1, 2). As the gneiss between the sills is gen- 
erally crowded with small seams of plagioclase 
porphyroblasts, the layers of gneiss are in many 
places very ill defined and ghostlike. Large 
pods of leucocratic quartz diorite many hun- 
dreds of feet across grade into dikes of digested 
porphyroblastic quartz diorite. A large, clean 
surface on the east side of upper Phelps Creek 
reveals one of these pods, about a hundred 
feet across, from which dikes radiate like the 
spokes of a wheel. Undisturbed ghosts of the 
gneiss between the dikes are visible near the 
margins of the pod, but in the center the dike 


structure becomes vague; the felsic materiak 
apparently moved outward from the networ 
of feeder dikes into the gneiss, which they al. 
most completely replaced. In these rocks, a 
in all other rocks in which occur many bodies 
of leucocratic quartz diorite, the foliation js 
contorted and swirled. 

Leucocratic quartz diorite of probable r. 
placement origin forms the matrix of breccias 
in both massive and gneissic hornblende-quartz 
diorite (Pl. 7 figs. 5, 6), especially in the gneissic 
rock. In some of these breccias no evidence oj 
differential movement between inclusions ap- 
pears; the inclusions are closely crowded, and 
many of the larger ones are joined by thin septa, 
These features indicate that the leucocratic 
quartz diorite matrix is of replacement origin, 
and that the breccias are replacement breccias, 
In places, however, breccia dikes appear to 
have moved (PI. 7, fig. 6); these probably ar 
mobilized replacement breccias. The inclusions 
in the dikes and breccia zones are unoriented, 
and mafic streaks extend from some that are 
lens-shaped. A wall of one dike is deformed 
where a large inclusion butted against it; the 
wall rock was evidently plastic during fox 
in the dike. The inclusions in the dikes are 
fragments of the walls, not foreign inclusion 
such as intrusive igneous dikes might be er- 
pected to carry upward. In some dikes the in- 
clusions are coarser-grained than the wal 
rock or appear ghostlike and partly assimilated. 
Dikes that have flow structure occur in massive 
and gneissic hornblende-quartz diorite that 
contains abundant and widely varied replace 
ment bodies of leucocratic quartz diorite. The 
leucocratic rock in all these bodies and in al 
the breccias has a metamorphic texture (Fig. 
10). 

PETROGRAPHY: Although the bodies of leu 
cocratic quartz diorite are widely varied in 
form and grain size, they are found to be very 
similar when studied in thin section. Their 
chief minerals are plagioclase (oligoclase An 2 
+ 2) and quartz. The principal accessory, how- 
ever, is generally the same as in the host rock: 
in biotite gneiss it is orange-red biotite; ia 
either massive or gneissic hornblende-quatt 
diorite it is commonly green to blue-green hom- 
blende like that in the host rock but is accom- 
panied by some biotite. The similarity of the 
main accessory minerals in the leucocrati 
quartz diorite bodies to those in their host 
rocks accords with the view that the leucocratic 
rock is largely of replacement origin and may 
have involved metamorphic differentiation 
the host rock. Apatite, sphene, and ore get 
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ROCKS OF THE COMPLEX 


eally occur as minor accessories; a pod of 
ntile as big as an egg was found on the border 
of one small pegmatitic mass on Phelps Ridge, 
and, in another place, coarse crystals of kyanite 
were found. Secondary alteration of biotite to 
chlorite is common and characteristic, and the 
plagioclase is slightly dusted with sericite. 
Secondary anhedral epidote is associated with 
gricite in altered plagioclase and with chlorite 
in altered biotite. Potassium feldspar is nearly 
absent from most of these rocks, but some 
microcline occurs in a few dikes near the sill 
on the east side of Rock Creek and on Chiwawa 
Mountain. Some details of mineralogical and 
chemical composition of the leucocratic quartz 
diorite are given in Table 5; sample 9 represents 
the typical rock. 

The microtexture is metamorphic (Fig. 10): 
the plagioclase crystals are unzoned and an- 
hedral, and in some bodies they are crowded 
with round blebs of quartz; some of the rocks 
have a marked flow structure where interstitial 
quartz is attenuated and wraps around plagio- 
clase grains. 

SOURCE OF FELSIC MATERIAL: In most places 
felsic material had been added to a host rock to 
form a leucocratic quartz diorite replacement 
body. A secretion body of leucocratic quartz 
diorite consists entirely of such felsic material. 
Field evidence suggests that this felsic material 
is probably a metamorphic differentiate of the 
biotite gneiss and biotite-quartz diorite gneiss; 
this origin is suggested by the fact that leu- 
cocratic quartz diorite is nearly everywhere a 
characteristic of these rocks, and that it is 
thoroughly mixed with them (Pl. 1, sketch 
map; Pl. 6; Pl. 7, fig. 1). These gneisses appear 
to have been thoroughly soaked with felsic 
material, which suggests that the material did 
not come into these rocks from elsewhere but 
was derived by metamorphic differentiation of 
the rocks themselves. In host rocks other than 
the biotite gneiss and biotite-quartz diorite 
gneiss, however, the felsic material does not 
appear to have soaked the rocks as thoroughly, 
because the leucocratic bodies are in compara- 
tively well-defined dikes, sills, and pods, and 
over large areas these rocks contain no leu- 
cocratic quartz diorite bodies. The felsic ma- 
terial that filtered into these rocks apparently 
came from the adjacent biotite gneiss and bio- 
lite-quartz diorite gneiss from which it sep- 
arated by metamorphic differentiation. Possibly 
the reason leucocratic quartz diorite is char- 
acteristic of, abundant in, and thoroughly 
mixed with the biotite gneiss and_biotite- 
quartz diorite gneiss is not that these rocks 
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sweated out felsic material but that, because 
of their comparatively excellent foliation, they 
were especially permeable to felsic material 
infiltrating from elsewhere. In the discussion of 
the chemistry of the-complex, sodium is shown 


Ficure 10.—CRrySTALLOBLASTIC MICROTEXTURE 
or LEucOcRATIC QUARTZ DIORITE 


Q = quartz, P = plagioclase, M = muscovite 


as the principal felsic material that must be 
added to a probable parent rock to form biotite 
gneiss or biotite-quartz diorite gneiss or leu- 
cocratic quartz diorite in these rocks. Thus, 
the source of sodium that appears to have been 
sweated out of the gneiss into the leucocratic 
quartz diorite is ultimately extraneous. 

It is not likely that the felsic materials in 
the leucocratic quartz diorite were emanations 
derived from the magma in the massive quartz 
diorite sills by crystallization differentiation. 
There are no leucocratic phases of the massive 
quartz diorites, and the sodic rims on zoned 
plagioclase crystals in the sills are nowhere so 
sodic as the plagioclase in the leucocratic rocks. 
At the one place where magmatic differentiation 
is indicated—a cluster of inclusions set in a 
felsic matrix—the felsic matrix is rich in po- 
tassium feldspar, which is rare in most of the 
leucocratic quartz diorite. The sills seem very 
small to be the source of leucocratic bodies in 
biotite gneiss miles to the west, and there is no 
indication that the sills are offshoots of a large 
subjacent mass. Little leucocratic rock occurs 
in and near the sill along the Entiat fault, and 
most of the leucocratic quartz diorite in the 
other sills occurs only along their borders. Leu- 
cocratic quartz diorite was already developed 
in the rocks into which the sills were emplaced, 
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and it continued to form after the sills had 
solidified. In this way the leucocratic quartz 
diorite was mixed with the borders of the sills, 
and rotated, streaked-out inclusions of the sills 


TABLE 4.—MOopeEs oF STOCK ON BUCKSKIN 
MOUNTAIN AND OF RELATED DIKES 


Figures for each rock type are the mean of 5 
volume percentage modes to the nearest 14 per cent, 
which were calculated from thin sections with a 
Chayes point counter, using 1000-1500 points per 
standard thin section; + = less than 14 per cent. 


Main 


larly bi ket | 
tite-quartz 
| diorite quartz 
dik diorit monzonite 
dikes 
Plagioclase.......... | 52 5144 | 3614 
1614 1314 6 
Hornblende......... 4 
Orthoclase.......... 1g 144 21 
100 100 
| 
Average An content 
of plagioclase: 
Whole crystals..... 43 40 27 
32 28 | 21 


in the leucocratic rock show that the mixing 
was accompanied by differential movement 
along the contact. 


Stocks AND DIKES 


General Statement 


Along Phelps Ridge and also at Old Gib 
Mountain porphyritic and aphanitic rocks 
occur in plugs, dikes, and intrusive breccias, 
and many dikes of similar rocks are scattered 
through the northern Entiat Mountains. These 
rocks, which contain phenocrysts of quartz 
and labradorite, are related to the granodiorite 
batholith at the north end of the Entiat Moun- 
tains and have sharp, chilled contacts with the 
surrounding quartz diorite and migmatites. 
They are not genetically related to the complex 
and are not further discussed here. Other rocks, 
mostly intrusive bodies, occurring in and near 
the complex may be genetically related to it, 
although the nature of the relation is not clear. 


These include three small stocks of felsic rocks 
and scattered dikes and small plugs of mafic 
and ultramafic rocks. 


Quartz Diorite Stock 


Near Buckskin Mountain there is an igneous 
stock of gneissic quartz diorite, which was 
intruded, when it was in a nearly solidified 
state, along the northeast contact zone of 
the complex. The stock is surrounded by an 
extensive system of dikes, some older and some 
younger than the stock; most of these were 
emplaced by intrusion of magma and like the 
stock are much deformed and recrystallized, 

Possibly the stock was intruded forcibly. The 
persistent layers of marble, which closely follow 
the east contact of the hornblende schists (PI, 
1) and the layer of hornblende schist on Copper 
Peak, appear to have been forced apart by the 
stock; they are nearly twice as far apart op 
posite the stock as they are near the town of 
Holden. The foliation of the quartz diorite 
gneiss adjacent to the south end of the stock is 
somewhat deflected, and along the west side of 
the stock its northeast dip changes from mod- 
erate to very steep, and its strikes follow the 
contact, which is sharp and steep. Not enough 
structural data were obtained to determine how 
the conspicuous biotite foliation of the stock 
behaves near the contacts. There is no zoning 
within the mass that might suggest assimilation 
of wall rock, and numerous inclusions occur 
near the contacts. 

This medium-grained biotite-quartz diorite 
gneiss for the most part is uniform in appear- 
ance; it is characterized by elongate, rounded 
crystals of plagioclase surrounded by biotite 


(Pl. 3, fig. 5). In a few places, this dominant | 
rock grades into a biotite-poor granodiorite. 
The mode of the dominant quartz dioritic rock 


is given in Table 4. 


The microtexture of the gneissic stock is ' 
porphyroclastic. The porphyroclasts are relics 
of pyrogenic plagioclase, in a metamorphic f 


matrix. They are subhedral crystals, 1-8 mm 
long, which have Carlsbad habit. They have 


either normal, oscillatory zoning or progressive § 


zoning; cores average An 45, and rims average 
An 28; their over-all composition is An 40 +. 
The normal oscillatory zoning closely follows 
the subhedral shape of the crystals, which i 
evidence that they grew in a magma. The te 
crystallized matrix between the porphyroclasts 
is fine-grained and consists of xenomorphic 
quartz and parallel flakes of biotite. Attenuated 
quartz and flakes of biotite commonly wrap 
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ground the plagioclase crystals. The quartz 
and biotite that occur in strung-out clots may 
represent single crystals that have been crushed 
and recrystallized. 

All stages in the abrasion, corrosion, and re- 
crystallization of the plagioclase crystals can be 
observed, and some evidence indicates that the 
deformation and recrystallization occurred in 
anearly consolidated magma. Rounded corners 
on euhedral grains are common. In some crys- 
tals that have oscillatory zoning, adjacent zones 
are not parallel; some of the outer, more sodic 
zones surround and truncate the zones in a sub- 
rounded or angular core. These relations prob- 
ably resulted from grinding of early crystals, 
precipitated when the magma was nearly con- 
slidated and before the final, most sodic 
plagioclase of the magma was precipitated. One 
plagioclase porphyroclast is cut by a fault, 
although the surrounding quartz was not offset 
or strained; the faulting may have occurred in 
a crystal mush before the quartz was pre- 
cipitated. Narrow, unzoned twin lamellae cut 
through well-zoned crystals, and the best 
twinned crystals lack zoning; the late twinning 
thus appears to have been attended by oblit- 
eration of the original zoning. Twinning by 
itself cannot obliterate zoning; an unzoned 
twin lamella that cuts a zoned crystal must 
have been homogenized by rearrangement of 
ions during a recrystallization. Some of the 
plagioclase porphyroclasts are untwinned and 
unzoned; they are probably zoned crystals that 
have completely recrystallized. 

Early dikes and masses of vaguely foliated 
hornblende-biotite-quartz diorite, which are 
gray and fine-grained, occur near the stock 
and in a zone extending northwest as far as the 
Holden mine. In these rocks a few subhedral 
plagioclase phenocrysts stand out distinctly 
from the fine-grained matrix (PI. 3, fig. 4). The 


_ average plagioclase composition is An 43 + 5, 


which is slightly more calcic than that in the 


_ stock, and the common accessory mineral is 


hornblende, which is rare in the stock. Details 


_ ofthe mineral composition of these early quartz 


diorite dikes are given in Table 4. The gray 


| quartz diorites are texturally similar to the 


tocks of the stock, but they contain fewer 
oscillatory-zoned plagioclase relics, and their 
plagioclase crystals more commonly have wide 
dligoclase rims that include and interpenetrate 
the quartz and biotite of the matrix. 

The stock and the early dikes are cut by 
many later dikes of fine-grained, well-foliated 
biotite-quartz monzonite (PI. 3, fig. 6); these 


forma complex, anastomosing network through- 


863 


out the area between Buckskin Mountain and 
the Holden mine and are best exposed in the 
Holden mine. These quartz monzonite dikes 
are rare in the northern Entiat Mountains 
where potassium feldspar is notably scarce. The 
biotite in them is characteristically red brown. 
The plagioclase (An 27 + 5) is partly altered 
to sericite and the biotite to chlorite—both 
much more so than in the stock or the early 
dikes. Like the stock and the early dikes the 
microtexture of the quartz monzonite dikes is 
porphyroclastic. Most porphyroclasts are 
rounded, unzoned plagioclase crystals whose 
ragged borders interpenetrate with a xeno- 
morphic matrix consisting of anhedral inter- 
grown crystals of quartz, orthoclase, and bio- 
tite. Some of the large plagioclase crystals have 
normal oscillatory zoning parallel to their sub- 
hedral outlines, and most are oriented to form 
a flow structure in the crystalloblastic matrix. 
These crystals appear to be older pyrogenic 
inclusions in a metamorphic matrix in which 
they have been rolled. 

The assumption that the quartz monzonite 
dikes are offshoots of the biotite-quartz diorite 
stock is based on the fact that (1) the dikes are 
concentrated in a zone near the stock, and (2) 
they are petrographically similar to leucocratic 
phases of the stock, especially in containing 
red biotite and abundant potassium feldspar. 

Certain compositional features of the stock 
and its satellites indicate that the varieties 
may have evolved through normal crystalliza- 
tion differentiation of a magma. In the pro- 
gression from early dikes to stock to late dikes, 
the plagioclase shows a marked decrease in 
anorthite content. The proportion of mafic 
minerals also decreases (see Table 4): horn- 
blende is common in the early dikes, rare in the 
stock, and absent in the late dikes, whereas 
potassium feldspar is abundant in the late 
dikes, where plagioclase and biotite are com- 
monly altered. Other magmatic features are 
the oscillatory zoning in subhedral to euhedral 
porphyroclasts of plagioclase and a definite 
order of crystallization. Hornblende and plagio- 
clase crystallized first, in subhedral, inclusion- 
free crystals; the quartz and orthoclase in the 
matrix are molded around these early crystals. 
Apart from these magmatic features visible 
in thin sections, intrusive origin is indicated 
by the homogeneous character of the stock, its 
sharp contacts, and the evidence that it pushed 
its walls aside. 

The stock and its satellites probably were 
emplaced along the border of the complex when 
this border was a hot zone undergoing granitiza- 
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tion and plastic deformation. Deformation 
near the east contact of the complex, where the 
stock and its satellites occur, is shown by: (1) 
the streakiness of the replacement migmatite in 
hornblende schist parallel to the contact of the 
complex where this migmatite is abundant, 
combined with a porphyroclastic texture in its 
light streaks; (2) a fine-grained eastern border 
phase of the hornblende-quartz diorite augen 
gneiss (unit 4), which also has a porphyroclastic 
texture. That the stock has shared in this de- 
formation is indicated by the foliation, porphy- 
roclastic texture, and elongation of the stock 
parallel to the contact with the complex; the 
satellitic dikes of the stock are also schistose 
and have a porphyroclastic texture. The proto- 
clastic texture of the stock and many of its 
satellites shows that the deformation was con- 
temporaneous with the late stages in the 
freezing of the magmas. Most of the late quartz 
monzonite dikes cut in all directions across the 
streaking of the replacement migmatite in the 
hornblende schist; this shows that the main 
differential movement parallel to the contact of 
the complex had ceased before emplacement of 
these dikes. 


Granodiorite 


East of Rock Creek there is a stock of fine- 
grained, igneous biotite granodiorite This 
rock has a foliation marked by flakes of 
biotite and a lineation marked by streaks of 
biotite; both these structures maintain a uni- 
form trend in that part of the stock that is 
within the quadrangle. The rock is massive 
and is uniform in appearance except near its 
contacts, where it contains numerous un- 
oriented, angular inclusions of quartz diorite. 
Its microtexture is hypidiomorphic granular. 


Ultramafic Rocks and Gabbro 


In the Holden mine and on Buckskin Moun- 
tain are a few small dikes and plugs of ultra- 
mafic rocks—hornblendite and_peridotite— 
some of which have gabbroic and dioritic 
phases. Half a mile west of the mine is a mass 
of gabbro that may be related to these rocks. 

Most of the ultramafic rocks are hornblend- 
ites. Their mineralogy and texture is highly 
varied, and their original character has been 
largely masked by alteration and granitization. 
The hornblende is greenish brown but is rimmed 
and in places replaced by tremolite; its iron 
formed magnetite dust in the tremolite. In some 
of the rocks the amphibole is nearly all tremo- 


lite; in some it is all greenish-brown hornblende. 
Red-orange biotite is a common accessory jp 
both the hornblendic and tremolitic facies, ang 
long needles of apatite are abundant in both. 
Less common than the hornblendites are altered 
olivine hornblendites or hornblende peridotites, 
Most of the hornblende in these rocks also js 
greenish brown. Most of the pyroxene is clino. 
pyroxene, which forms inclusions in hom. 
blende. Olivine generally is present only in 
small amount, but in a few places it makes up 
as much as a third of the rock. In one specimen 
it forms inclusions in hypersthene crystals. The 
olivine is much altered to antigorite and mag- 
netite, and the hornblende to tremolite and 
magnetite. Angular inclusions of wall rocks 
occur in the ultramafic rocks at some places 
near the contacts with the surrounding hon. 
blende schist and the replacement migmatite 
in hornblende schist; these contacts are gen- 
erally sharp. 

Granitization of the ultramafic rocks formed 
gabbro and diorite of granular texture in the 
Holden mine and in ultrabasic parts of the 
gabbro stock southwest of the mine. The ultra- 
mafic rocks contain clots and seams of lab- 
radorite, and as the labradorite becomes abun- 
dant the rocks grade into hornblende diorite 
and gabbro (PI. 4, figs. 5, 6). 

The stock just southwest of Holden may be 
an igneous intrusion to which the ultramafic 
rocks in the Holden area appear related. At 
one place in the Holden mine ultramafic rocks 
and their granitized equivalents extend con- 
tinuously from the mine workings to a place 
well under the outcrop of the stock. Both in the 
outcrop and in the mine the stock contains 
hornblendite masses that are variously granit- 
ized, but their relation to the main gabbro of 
the stock was not observed. The main part of 
the stock is a medium-grained hornblende 
gabbro with a striking panidiomorphic-granu- 
lar texture that shows the crystallization se- 
quence clinopyroxene-hornblende-plagioclase. 
The hornblende, which is brown and forms 
euhedral crystals with cores of clinopyroxene, 
is slightly altered to tremolite. The labradorite 
is subhedral and has well-defined progressive 
zoning from labradorite to oligoclase. Apatite 
in long needles is a common accessory, and 4 
little brown biotite is present. Quartz, ortho- 
clase, and muscovite, all probably secondary, 
occur in very small amounts. The contact of 
the stock is sharp where observed, and at one 
place the margin contains numerous unoriented, 
angular inclusions of hornblende schist. The 
stock occurs in the border zone of the complex 
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shere particularly intense differential move- 
nent occurred during its formation. The stock 
s massive, Which probably means it was in- 
tuded after this period of deformation. 

The origin of the ultramafic rocks is not clear. 
Gobs of hornblendite grading into diorite are 
jound in limited amounts in the Holden mine 
in recrystallization migmatites in hornblende 
«hist; perhaps the large masses of hornblendite 
aso formed by recrystallization and segrega- 
tion of hornblende schist. The ultrabasic rocks, 
shich contain clinopyroxene, hypersthene, 
and olivine, are probably magmatic differenti- 
ates related to the gabbro stock on Copper 
Peak, which appears to be igneous. 


Mafic Dikes 


Late black aphanitic dikes that cut all the 
rocks of the complex are widespread in the 
northern Entiat Mountains. Most of them are 
typical hornblende-plagioclase lamprophyres— 
spessartites. They are concentrated along the 
mountain divide and occur in swarms along 
the crest for a mile south of Dumbell Moun- 
tain and near the divide west of Ice Lakes. In 
both these areas they trend west, are vertical 
and straight, and have knife-sharp contacts. 
Inthe area between Ice Lakes and Pomas Creek 
many similar dikes, some of which have good 
columnar jointing, lie parallel to and within 
the west-dipping shear zone near the divide. 
The largest of the basic dikes (Pl. 1) have 
aphanitic chilled margins, which grade into 
medium-grained or fine-grained hornblende 
diorite cores characterized by abundant eu- 
hedral needles of hornblende. Specimens from 
one of the large dikes, and from a columnar- 
jointed, aphanitic to fine-grained dike in a dike 
swarm on the Entiat Mountain divide between 
the two forks of Box Creek, show a similarity 
in thin section to specimens from the gabbro 
tock southwest of Holden. They consist of 
tomblende diorite, which has a panidiomorphic- 
granular texture. The hornblende is greenish 
brown, euhedral, and rimmed with tremolite. 
Subhedral plagioclase crystals that have nor- 
mal zoning are molded around the hornblende 
aystals. Some of the plagioclase crystals are 
larger than average and include grains of horn- 
blende. No pyroxene was noted. Apatite is an 
abundant accessory and forms needles up to 
)mm long. Quartz is scarce and appears to be 
late, for it is interstitial and intimately inter- 
with plagioclase. 
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Relation of Stocks and Dikes to the Complex 


The mafic and ultramafic stocks and dikes 
which appear igneous do not all have the 
same relation to the complex. Some of the 
ultramafic rocks (olivine hornblendites and 
hornblende peridotites) are older than the com- 
plex and were granitized like hornblende schist 
and biotite gneiss during its formation. Al- 
though gabbro stock near Holden is petro- 
graphically very similar to some of these early 
ultramafic rocks and even contains similar 
ultramafic phases, it was intruded after the 
main period of deformation and granitization. 
The late mafic dikes are petrographically very 
like the gabbro stock near Holden, but, as is 
shown by their chilled margins, they were in- 
truded after the complex had cooled. It is 
difficult to show that any of these probable 
igneous rocks are genetically related to the 
complex. 

Many masses of hornblendite and hornblende 
diorite were formed in recrystallization migma- 
tite by intense local metamorphic segregation 
and recrystallization of hornblende schist and 
are genetically related to the complex. These 
rocks are petrographically similar to the ultra- 
mafic and mafic rocks which appear to be 
igneous. It might be suggested that these mafic 
and ultramafic rocks that appear igneous are 
also genetically related to the complex and 
were formed by metamorphic processes at 
depth in the complex and were mobilized, in- 
truded, and then granitized during this plu- 
tonism. Experimental evidence shows that an 
ultramafic magma cannot exist below 1000° C. 
(Bowen and Tuttle, 1949, p. 455). But there is 
no evidence for the metamorphic origin of the 
hypersthene,® olivine, and clinopyroxene in the 
ultramafic rocks of the northern Entiat Moun- 
tains. The late basic dikes which have chilled 
margins and columnar joints are certainly 
igneous and probably not genetically related 
to the plutonism that formed the complex. 

The quartz diorite stock on Buckskin Moun- 
tain and the granodiorite stock on the east 
side of Rock Creek may be genetically related 
to the complex. The stocks have a gneissic 
foliation parallel to the regional structural 
trends, and the Buckskin Mountain stock is 
much metamorphosed. The stock east of Rock 
Creek, which is not metamorphosed where 


8 Hypersthene derived from hornblende does 
occur as rims around small inclusions of hornblende 
schist in the igneous granodiorite batholith at the 
north end of the Entiat Mountains. 
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ROCKS OF THE COMPLEX 


sudied, was probably intruded somewhat 
iyter than the stock on Buckskin Mountain. 
Perhaps some anatectic magma, generated at 
+ depth during formation of the complex, was 
intruded upward into the complex both during 
anda short time after the main period of granit- 
‘jation and deformation. Hornblende-quartz 
diorite gneiss appears to have melted to form 
the anatectic magma for which the massive 
quartz diorite of the complex solidified and the 
biotite gneiss and the biotite-quartz diorite 
geiss may also have melted at depth to form 
amore felsic anatectic magma. 


CHEMISTRY OF THE COMPLEX 


The following discussion is based on the 11 
chemical analyses given in Table 5. I assume 
that the changes that occurred during the 
formation of the complex were approximately 
yolume for volume. The main basis for this 
assumption is the lack of any evidence of major 
pushing aside by the quartz diorite gneiss and 
massive quartz diorite, the abundant replace- 
ment features in the quartz diorite gneisses 
and associated migmatites, and the evidence 
for anatectic origin of the massive quartz 
diorites. Volume-for-volume changes must be 
evaluated by comparing the compositions of 
equal volumes of rock before one was changed 
into the other. Barth (1948) describes a method 
for doing this without elaborate calculations. 
He shows that equal volumes of rocks—es- 
pecially of those belonging to the same meta- 
morphic facies—contain approximately the 
same number of oxygen ions, and he proposes 
that units of 160 oxygen ions be used as a 
standard for comparing equal volumes. I have 
recalculated the analyses expressed in oxides to 
the percentage of the various cations associated 
with 160 oxygen ions and have plotted these 
"percentages in Figure 11, where the vertical 
_ sale is such that a given change in the cation 
percentage of any element is represented by 
about the same vertical distance. This diagram 
is simply a graphic method of comparison. 
Field relations are relied upon to indicate the 
origin of the rocks and to establish the genetic 
srouping used in the diagram. 

The problem of the original source rock of 
much of the hornblende schist has not been 
wolved in the field, but it may be considered 
tom a chemical basis. The lack of relict struc- 
lures in most of the hornblende schists, how- 
“ver, Suggests that they may have formed from 
massive igneous rocks, and an igneous parent 
tock, probably basalt, is also indicated by the 
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fact that the hornblende schist (see Table 5) 
contains more Na,O than K,0 and more CaO 
than MgO, as do many igneous rocks. A volume- 
for-volume change of average basalt to the 
hornblende schist of the northern Entiat Moun- 
tains requires subtraction of potassium, cal- 
cium, and magnesium, and perhaps of a very 
little iron, and an addition of sodium and a 
little silicon. Similar changes (except the addi- 
tion of sodium) are indicated by further meta- 
morphism and transformation of the horn- 
blende schist to hornblende-quartz diorite 
gneiss. Andesite and graywacke, which are 
also plotted as possible source rocks, would re- 
quire addition, not subtraction, of iron, mag- 
nesium, and calcium to become hornblende 
schist. 

Field evidence indicates that the biotite 
gneiss is a metamorphosed arkosic sediment. 
Except for an increase in sodium and a de- 
crease in potassium, the chemical changes 
necessary to convert an average arkose to 
biotite gneiss are relatively minor. 

The hornblende schists are varied in compo- 
sition, and this fact would presumably be re- 
flected in the chemical composition of horn- 
blende-quartz diorite gneisses derived from 
them by granitization. The hornblende-quartz 
diorite augen gneiss (unit 4) differs more chem- 
ically from the analyzed hornblende schist 
than do the other two hornblende-quartz diorite 
gneisses (units 2, 3); the greatest difference 
is in silicon: the augen gneiss contains almost 40 
per cent quartz in the mode. Perhaps the parent 
rock of the hornblende-quartz diorite augen 
gneiss was a hornblende schist rather different 
in composition from the hornblende schist 
analyzed. For example, this gneiss could have 
been derived from average graywacke, without 
any significant change of composition except 
a decrease of potassium. 

As shown by the trends of the curves in 
Figure 11 between hornblende schist and all 
three hornblende-quartz diorite gneisses, horn- 
blende schist can be transformed to hornblende- 
quartz diorite gneiss by rather small 
changes—largely subtraction of elements. Some 
of the chemical changes required are remark- 
ably small: for example, a unit cell of the 
hornblende schist need lose only 7.4 cations 
and gain 4.4 cations to become a unit cell of 
the granitoid hornblende-quartz diorite gneiss 
(unit 3). If the very large oxygen anions, which 
make up most of the volume of a rock, are 
imagined as remaining fixed in position while 
the small cations migrate, this movement of 
the 7.4 and 4.4 cations involve only about 6 
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FiGuRE 11.—CHANGEs IN CATION PERCENTAGES OF MAIN ELEMENTS DURING TRANSFORMATIONS 
Cation percentages per unit cell of 160 oxygen anions, as suggested by Barth (1948), plotted on the vertic: 


axis on a scale adjusted for all elements but Si, so that unit change vertically equals approximately the sam 
percentage change in the cation percentage. Significant changes are thus made visible without obscuring) 


changes in the major constituents. The rocks are arranged on the horizontal axis into groups that field ev: 
dence indicates are genetically related. Lines connect most probable source rock for hornblende schist «| 
biotite gneiss on the left with progressively more transformed phases of them on the right. 


Hornblende schist and related rocks: 


I. Possible source rocks of hornblende schist: (a) average andesite (Daly, 1933, p. 16); (b) average gray 
wacke (Pettijohn, 1949, p. 250); (c) average basalt (Daly, 1933, p. 17) 

II. Hornblende schist: (1) (Table 5, analysis 1) 

III. Hornblende-quartz diorite gneisses formed by granitization of hornblende schist; granitoid appet! 
ance and indications of flowage increase from left to right: (2) well-foliated hornblende-quartz diorite gues 
(Table 5, analysis 2); (3) granitoid hornblende-quartz diorite gneiss (Table 5, analysis 3); (4) hornblende: 
quartz diorite augen gneiss (Table 5, analysis 4) 

IV. Anatectic igneous rocks derived by melting of hornblende-quartz diorite gneiss: (5) hornblende} 
quartz diorite, melted in situ (Table 5, analysis 5); (6)hornblende-biotite-quartz diorite, intrusive, possibli 
derived by fusion at depth (Table 5, analysis 6) 
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CHEMISTRY OF THE COMPLEX 


per cent of the movable material (200 cations) 


» in the two rocks being compared. If the vol- 
' umes of both the 200 cations and the associated 
' anions in the two unit cells are considered, 
" the movement of the cations is only a fraction 


of 1 per cent of the volume of the rocks. 
The transformation of biotite gneiss to 


biotite-quartz diorite gneiss is nearly iso- 
- chemical except for an increase of sodium and 
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a decrease of potassium, which indicates that 
the transformation is chiefly a process of 
metamorphic segregation of the minerals of 


the biotite gneiss rather than a profound 
replacement. 

To sum up, the transformation of basalt to 
hornblende schist and then to hornblende- 
quartz diorite gneiss, and of arkose to biotite 
gneiss and then to biotite-quartz diorite gneiss, 
requires rather small changes in chemical 
composition, mainly subtraction of potassium, 
iron, magnesium (?), and calcium (?). Some 
sodium had to be added to transform average 
basalt to hornblende schist and average arkose 
to biotite gneiss and then to biotite-quartz 
diorite gneiss. The sodium may have been 
derived from subjacent rocks by metamorphic 
differentiation. There is a vague suggestion 
irom the trend of the curves in Figure 11 that 
the required sodium could have been given off 
in the transformation of hornblende schist 
to hornblende-quartz diorite gneiss, a process 
which appears to yield sodium. 

As mentioned above, iron, magnesium, and 
calcium were expelled during many of the 
transformations, and the destination of these 
mafic elements is not entirely known. Some of 
the iron, magnesium, and calcium ions have 
migrated to inclusions that have been made 
more mafic, to septa, and to borders of replace- 
ment bodies, but since no quantitative data 
m the composition and size of these bodies 
ae available, no accurate estimate can be 
made of their importance as a reservoir of the 
expelled mafic ions. A rough estimate can be 
made by calculating how many iron, magne- 
sum, and calcium ions would be needed to 


Biotite yneiss and related rocks: 
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convert a given volume of the analyzed horn- 
blende schist to an equal volume of pure 
hornblendite—a process that occurred locally, 
as field evidence indicates. Approximately 
40 ions of calcium, magnesium, and iron would 
be needed, provided a large amount of silicon 
and aluminum is expelled. When hornblende 
schist is transformed to either massive or 
gneissic hornblende-quartz diorite, approxi- 
mately 8 calcium, magnesium, and iron ions, 
on the average, are given off. Approximately 
5 volumes (40/8) of hornblende schist can 
thus be converted to quartz diorite while the 
rejected ions are used to convert 1 volume of 
hornblende schist to hornblendite. Figure 
4 of Plate 2 shows that on this small scale the 
process of making inclusions more mafic 
probably uses all the rejected mafic ions, but 
on a larger scale it is difficult to be sure. Un- 
fortunately for this hypothesis, only a few of 
the inclusions consist of essentially pure horn- 
blendite. Mapped septa make up only about 
10 per cent of the zone of massive and gneissic 
hornblende-quartz diorite; but this figure 
might be doubled by layers and inclusions 
too small to be mapped, and in that event 
the ratio of inclusions to gneiss would approach 
the 1 in 5 ratio required. The process of making 
inclusions more mafic may have utilized a 
sizable amount of the mafic material rejected 
during granitization. 

The concept of metasomatic fronts can be 
applied to the migration of sodium during 
regional metamorphism in the northern Entiat 
Mountains. On the east side of the complex 
hornblende-quartz diorite gneisses appear to 
have formed from hornblende schist by sub- 
tracting sodium; on the west side biotite-quartz 
diorite gneiss was formed from biotite gneiss 
by an addition of sodium. If a zone of addition 
of sodium (a sodium “front”) overlay a zone 
of subtraction of sodium in the complex while 
it was being metamorphosed, then the rocks 
on the east side of the complex must have 
been deeper seated than those farther west. 
Rocks east of the Entiat fault, in the upthrown, 


I. Possible source rock of biotite gneiss: (d) average arkose (Pettijohn, 1949, p. 259) 


Il. Biotite gneiss: (7) (Table 5, analysis 7) 


Ill. Biotite-quartz diorite gneiss formed by granitization of biotite gneiss: (8) (Table 5, analysis 8) 


leucocratic quartz diorite: 


Forms replacement bodies in rocks 1, 3, 5, 6, 7, and 8, particularly in 7 and 8 
(9) Main dikes and masses (Table 5, analysis 9); (10) pegmatitic concretions (Chiwawa Mountain area) 
Table 5, analysis 10); (11) pegmatitic dikes (Chiwawa Mountain area) (Table 5, analysis 11). 
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deeply eroded block, are more highly meta- 
morphosed and migmatized and_ therefore 
were formed at greater depth than those west 
of the fault. Evidence for the existence of a 
potassium front is not clear. 

The massive quartz diorites appear to contain 
more sodium and potassium than the horn- 
blende-quartz diorite gneiss formed by 
granitization of hornblende schist. The concen- 
tration of sodium and potassium in the 
anatectic rocks may be due in part to crystal- 
lization differentiation after the anatectic 
magma had formed. It could have been con- 
centrated in the zone of melting before fusion 
occurred and be derived by metamorphic 
differentiation during the transformation of 
hornblende schist to hornblende-quartz diorite 
gneiss—a process that appears to yield potas- 
sium and perhaps sodium—and the transforma- 
tion of arkose to biotite gneiss and then to 
biotite-quartz diorite gneiss—a process that 
appears to yield potassium. The mobile meta- 
morphic differentiates rich in sodium and 
potassium may have been channeled into a 
shear zone, in which they were trapped as 
a result of fusion triggered by intense differen- 
tial movement. 

Pegmatite bodies of leucocratic quartz 
diorite {units 10, 11) contain more potassium 
than do any of the rocks in which they occur. 
The added potassium was probably derived 
from arkose and basalt by metamorphic differ- 
entiation during their transformation to bio- 
tite gneiss and hornblende schist and then to 
quartz diorite gneiss, because these transfor- 
mations apparently require a subtraction of 
potassium. 

Leucocratic quartz diorite, represented ex- 
cept for the relatively minor pegmatitic phases 
by analysis 9, has been formed principally by 
replacement of rocks (units 1, 3, 5, 6, 7, 8) and 
is far more abundant in the biotite gneiss 
(unit 7) and biotite-quartz diorite gneiss 
(unit 8) than in the other rocks. 

The replacement of biotite-quartz diorite 
gneiss by leucocratic quartz diorite is iso- 
chemical, except for a decrease in iron ions. 
The leucocratic quartz diorite in biotite-quartz 
diorite gneiss (Pl. 6, fig. 1) appears to be the 
felsic material left behind by segregation of 
felsic and mafic material rather than floods of 
foreign felsic material soaked into the rock. 
Replacement of biotite gneiss by leucocratic 
quartz diorite (unit 9) requires decrease of 
potassium and increase of sodium but very 
little other change. To form either biotite 
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gneiss from arkose or biotite-quartz diorit 
gneiss from biotite gneiss a significant add: 
tion of sodium is apparently required. Th, 
sodium, which appears to be the princip) 
material added to form leucocratic quar 
diorite from these rocks, is therefore not derive) 
from them, as it appears to be at first glance 
but from some other source. 

From the amounts of trace elements in th; 
principal rocks of the complex (Table 5), som: 
possible changes in the abundance of thos 
elements during the formation of the comple: 
can be stated. Transformation of hornblend 
schist to hornblende-quartz diorite gneiss ani 
of biotite gneiss to biotite-quartz diorite gneix 
was attended by a decrease of a few trac 
elements (Ba, Cr, Cu, Ni), although only th 
change in Ba may be significant, but by m 
appreciable change of other trace element 
(B, Be, Co, Ga, Sr, Yb). 

The biotite gneiss and the biotite-quart 
diorite gneiss are exceptionally rich in a. 
conium, a fact that might be explained by 
supposing that both rocks were derived from 
an arkosic sediment rich in detrital zircon. 

The leucocratic quartz  diorites, whic 
probably contain metamorphic differentiate 
of other rocks of the complex, are slightly 
enriched in barium, copper, and _ strontium 
but are not so notably enriched in the trac’ 
elements that are commonly found in febic | 
rocks which contain magmatic differentiates. 


ORIGIN OF THE COMPLEX 


Principal events in the development of the 
complex are believed to have been as follows: 
(1) Biotite gneiss and hornblende schist, 


derived principally from arkosic and basaltic) 
rocks, were subjected to particularly intens/ 
metamorphism in a zone trending northwest) 
ward along the present site of the Entiat) 
Mountains, and were consequently trans 
formed to hornblende and _biotite-quart 
diorite gneisses. 

(2) In the center of this zone the hornblende| 
quartz diorite gneisses were in turn transformet 
to particularly massive quartz diorite gneis} 
and locally melted to form anatectic magma) 
much of which moved and differentiated onl) 
slightly. 

(3) Elements driven off by metamorphit) 
differentiation—potassium, sodium, and sil 
con—collected largely in localities of low pre 
sure and formed bodies of leucocratic quattt) 


diorite. 
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ORIGIN OF THE COMPLEX 


Theevidence that the quartz diorite gneisses 
gi the complex originated by granitization 
andnever became molten is: 

(1) The several bodies of quartz diorite 
meiss have a tabular form, which is parallel 
ostructures in the older rocks. 

(2) The foliation and the widely distributed 
dongate inclusions and layers of older rocks 
yithin them are conformable, which suggests 
ji-par-lit granitization. 

(3) The texture of the rocks is metamorphic. 

(4) Replacement and recrystallization mig- 
matites are present, rather than a dike complex 
with intrusive features, in and around the 
quartz diorite gneisses. 

(3) There is no evidence that older rocks 
have been pushed aside. 

(6) Gneissic quartz diorite grades into biotite 
meiss and hornblende schist. 

(7) The gneisses and the parent rocks are 
chemically similar—particularly the biotite- 
quartz diorite gneiss and the biotite gneiss. 

(8) There is a heterogeneous and gradational 
mixture of gneiss and more massive rock and 
of regularly foliated gneisses and gneisses that 
have swirled foliation. 

The evidence for the magmatic origin of the 
massive quartz diorites is: 

(1) They are massive and homogeneous. 

(2) Nearly everywhere their texture is 
igneous—i.e., a definite order of crystallization 
is shown by interstitial quartz between sub- 
hedral crystals of plagioclase and hornblende 
and by the presence of oscillatory zoning in 


the plagioclase crysta!s. 


(3) They have flow structure, indicated by 


a regular foliation rather than a contorted 


foliation, such as would be produced by flow of 
aplastic mass of mobilized metamorphic rock. 

(4) Evidence of crystallization differentia- 
tion is indicated by the potassium-rich pegma- 
tite between pieces of disrupted inclusions. 

That the massive quartz diorites formed 
nearly in place is indicated by the following 
similarities to the hornblende-quartz diorite 
_ formed by granitization of hornblende 
Schist : 

(1) There is no assimilation along contacts 
= no evidence of pushing aside of older 
TOCKS, 

_ (2) Inclusions are concentrated in zones 
in the middle of one of the sills, not at contacts. 

(3) Most of the tabular inclusions are parallel 
ray walls, which may indicate little move- 

ent, 


(4) They contain inclusions of the same 


875 


hornblende schist that forms widespread and 
numerous inclusions in the hornblende-quartz 
diorite gneisses, but none of the hornblende- 
quartz diorite gneisses themselves, presum- 
ably because they were melted to form the 
anatectic magma. These inclusions of horn- 
blende schist probably escaped fusion because 
they have been made more mafic during 
granitization and are thus schists rich in 
hornblende, even hornblendites, of relatively 
high melting point. 

(5) The massive quartz diorite rocks are 
chemically similar to their probable parent 
rocks. 

The features that indicate formation in 
place are best shown by the sill north of Ice 
Lakes and the one along the Entiat fault but 
less by the sill on the east side of Rock Creek; 
this sill has fewer inclusions and may be an 
intrusive magmatic rock formed by melting of 
hornblende-quartz diorite gneiss at a greater 
depth. 

The complex appears to be confined to a 
remarkably narrow and sharply defined belt, 
but migmatites occur throughout the biotite 
gneisses west of the Entiat fault, and if this 
depressed area could be re-elevated and eroded, 
exhuming more intensely migmatized rocks, 
the contacts of the complex would probably 
appear broadly gradational and irregular on 
the west. If an anticline was formed in the 
original biotite gneiss and hornblende schist, 
mobile, infiltrating material would have tended 
to gather in the low-pressure area in the crest 
and thus to localize the quartz diorites. Though 
our present knowledge (Fig. 1) suggests the 
anticlinal position of the northern Entiat 
Mountains, the evidence is far from conclusive. 
Alternatively, the present zone of quartz 
diorites may once have been a zone of differ- 
ential stress, which became a channel for 
rising mobile material when stress was relieved 
by shearing. Most of the differential move- 
ment for which evidence can be seén is parallel 
to the regional trends of the host rocks. In 
nearly every locality, and on all scales, the 
quartz diorites of the complex occur in sill-like 
bodies that are nearly, if not exactly, parallel 
to the foliation of older rocks. Structural 
control of replacement bodies, either by 
shearing or by foliation, implies that the ma- 
terials that effected the transformations did 
so by moving along grain boundaries and 
incipient fractures, rather than by diffusion 
through crystal grains. 

In the southern Entiat Mountains Waters 
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(1932, p. 616) observed that the Swakane 
biotite gneiss, which correlates with the bio- 
tite gneiss in the northern Entiat Mountains, 
is in contact with granodiorite gneiss, and 
that the contact is not “interwoven”. The 
biotite gneiss contains increasing amounts of 
quartz toward the contact. From these facts 
Waters infers “‘deposition of arkose derived 
from the granodiorite directly on the surface 
of the plutonic mass, followed by dynamic 
metamorphism of both rocks”; in essence 
this is the mantled-dome hypothesis later 
proposed by Eskola (1948). One might at- 
tempt to apply the mantled-dome hypothesis 
to explain certain features in the northern 
Entiat Mountains. The rocks between the 
biotite gneiss on the west side of the quartz 
diorite complex in the Holden quadrangle 
and the gneiss along Lake Chelan near Lucerne, 
which is also biotite gneiss, consist mainly of 
granitoid rocks (Fig. 1). The hornblende 
schists and metasedimentary rocks in the 
northeast corner of the Holden quadrangle, 
on the east side of the quartz diorite complex, 
form a relatively thin septum within a broad 
belt of granitoid rocks. It is possible, therefore, 
that the quartz diorite complex is on the west 
side of a northwest-trending anticline of grani- 
toid rocks mantled with biotite gneiss. The 
contact between such a mantle and the old 
basement would be a zone of differential 
stress and active granitization (Eskola, 1948, 
p. 467). The stress might have triggered fusion 
of hornblende-quartz diorite gneiss along the 
mantled anticline, and some of the anatectic 
magma (such as the massive quartz diorite 
sill east of Rock Creek) formed minor late 
intrusions in the same zone. These possibilities 
seem unlikely because reconnaissance suggests 
that the structure between Lake Chelan and 
the Entiat Mountains is a syncline rather than 
an anticline, and there is no clear evidence of 
more than one period of metamorphism. 

The controversy over the origin of the 
granitoid rocks is no longer so much over 
how they form as over the relative abun- 
dance of the granitized masses and the mag- 
matic masses and the source of the magmas and 
the granitizing emanations. This study of a 
small area indicates that, at the level of erosion 
represented, about 25 per cent of the granitoid 
rocks are magmatic and 75 per cent granitized. 
Three possible sources of the magma that 
forms granitoid rocks are: (1) differentiates of 
a basaltic magma, (2a) melting of the original 
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granitic crust of the earth, and (2b) melting 
of the sedimentary and volcanic rocks jn , 
tectogene. Evidence from the northern Entiat 


Mountains points to the last alternative. Three § 


principal alternatives for the origin of the 
emanations are: (1) magmatic differentia. 
tion, (2a) metamorphic differentiation of q 
tectogene, and (2b) metamorphic differentia. 
tion of the crustal or subcrustal material 
around a tectogene; evidence from this study 
indicates that the emanations are sweated 
from the tectogene. Very little chemical change 
is needed to effect many of the transformations 
in the northern Entiat Mountains. The doni- 
nant process does not appear to be replace. 
ment but recrystallization and metamorphic 
segregation—i.e., the emanations appear to 


have acted more as catalysts to granitization | 
than as suppliers of new material. 

All the rocks in the northern Entiat Mou. © 
tains may be treated as parts of two strati- | 
graphic units—a unit on the west of biotite | 
gneiss and all rocks derived from it, and a unit | 
on the east of hornblende schist and its deriva | 
tives. Igneous intrusion played a minor role, | 
Although the original biotite gneiss and hom- © 
blende schist have been granitized and migma- | 
tized and in places even melted, it is still | 
possible to find traces of their structure and | 
chemical composition in the quartz diorites 
formed from them. 
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CONTACT METAMORPHISM OF MAGNESIAN LIMESTONES 
AT CRESTMORE, CALIFORNIA 


By C. WayNE BuRNHAM 


ABSTRACT 


The contact-metamorphic rocks at Crestmore, California, occur between magnesian 
marbles and a plutonic mass of quartz diorite (Bonsall tonalite) and between the same 
marbles and a relatively small pipelike hypabyssal mass of quartz monzonite porphyry. 

The marbles are preserved as two crudely lenticular bodies about 400 and 500 feet 
thick, respectively, that occur as screens in the quartz dioritic intrusive rocks of the 
southern California batholith. Both bodies, which are very similar petrographically, are 
composed of alternating layers of predazzite and coarsely crystalline calcite marbles and 
are nearly free of silica, alumina, iron, and the alkalies. 

The quartz diorite that engulfed the marbles is contaminated locally very near the 
contacts where minor monzonitic and gabbroic variants are present. Its exomorphic 
effects on the carbonate rocks consist mainly of: (1) the formation of metasomatic sili- 
cate contact rocks that generally are less than 1 foot thick and are composed of diopside, 
wollastonite, and grossularite; and (2) the conversion of nearly all the magnesium-bear- 
ing carbonate beds to periclase marbles, which subsequently were altered to predazzites. 

In contrast, the younger quartz monzonite porphyry, which was injected into the 
upper or Sky Blue marble unit, is nearly all contaminated as a result of reactive assimila- 
tion of marble. Moreover, its exomorphic silicate aureole is as much as 50 feet thick and 
contains the numerous complex mineral assemblages for which Crestmore is famous. 
Several lines of evidence indicate that much of this aureole was formed prior to the final 
consolidation of the porphyry intrusive mass. 

The thicker parts of the silicate contact aureole that surrounds the quartz monzonite 
porphyry exhibit the following well-defined zonal distribution of mineral assemblages, as 
traced outward from the intrusive body: (1) a garnet zone that is composed of grossu- 
larite and lesser amounts of wollastonite and diopside; (2) a zone characterized by only 
one mineral, idocrase; and (3) a zone in which monticellite is the most abundant mineral, 
but in which there are various amounts of clinohumite, cuspidine, ellestadite, forsterite, 
melilite, merwinite, perovskite, spinel, spurrite, tilleyite, and xanthophyllite. This zona- 
tion of mineral assemblages reflects a corresponding zonation in the bulk chemical com- 
position of the rocks, as shown by changes in the ratio of metasomatic to indigenous 
constituents (Si + Al + Fe/Ca + Mg) from 0.66 in the monticellite zone, through 1.15 
in the idocrase zone, to 1.62 in the garnet zone. 

There also is a strong tendency toward a mineralogical zonation within the monticellite 
zone, such that clinohumite, forsterite, spurrite, and spinel are concentrated in the silica- 
poor and calcite-rich outer part, and merwinite, cuspidine, and melilite in the more 
silica-rich inner part. Hence, a sequential occurrence of mineral assemblages and a change 
in bulk chemical composition can be traced inward toward the intrusive mass from un- 
metasomatized marbles. Moreover, textural features reveal a corresponding paragenetic 
sequence in which the more highly metasomatized assemblages appear to have formed at 
the expense of those that were less metasomatized. 

Available evidence indicates that: (1) the contact-metamorphic mineral assemblages 
at Crestmore and their zonation are largely the compositionally controlled products of 
silica, alumina, and iron metasomatism of relatively pure magnesian limestones; (2) tem- 
peratures of 625°C. or higher were reached prior to the introduction of silica into the 
present monticellite-zone rocks; and (3) the so-called “high-temperature”’ assemblages, 
such as monticellite, spurrite, and melilite, formed directly from the magnesian marbles 
without the intervention of “lower-temperature” steps that involve diopside, wollaston- 
ite, and grossularite. Therefore, it is proposed that contact metamorphism at Crestmore 
should be viewed as progressive metasomatism with consequent decarbonation at ele- 
vated temperatures rather than as progressive decarbonation attendant simply upon 
rising temperature. 
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INTRODUCTION 
General Siatement 


The contact-metamorphic deposits at Crest- 
more, California, have received much attention 
from mineralogists and petrologists during the 
past four decades principally because they con- 
tain a large number of minerals, many of which 
are presumed to indicate extraordinary condi- 
tions of metamorphism. Attention was focused 
early on the identification of the many new and 
rare minerals that were found in the deposits 
(Eakle and Rogers, 1914; Eakle, 1914, 1916, 
1917, 1920, 1921, 1925, 1927; Rogers, 1918, 
1929; Foshag, 1920a, 1920b, 1924; Larsen and 
Foshag, 1921; Tilley, 1928; Larsen and Dun- 
ham, 1933; Moehlman and Gonyer, 1934), and 
later preliminary studies were made of rock 


textures (Dunham, 1933) and mineral para- 


genesis (J. W. Daly, 1935). Few investigators 
(Daly, 1935; Woodford et al., 1941) have dealt 
with the geologic mode of occurrence of the 
minerals and mineral assemblages, and no one 
has studied in detail the rocks or the spatial and 
genetic relationships of the metamorphic- 
mineral assemblages to the parental carbonate 
and intrusive rocks. The present studies were 
undertaken largely to obtain detailed informa- 
tion on these features and relationships because 
a knowledge of them is essential to an under- 
standing of contact-metamorphic processes— 
the ultimate objective of this work. Conse- 
quently, this paper, which is a first step toward 
the ultimate objective, consists mainly of a 
detailed description of the rocks at Crestmore 
and a discussion of their modes of formation. 
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Location and Historical Sketch 


The Crestmore quarries and mine of the 
Riverside Cement Company lie at the eastern 
end of the Jurupa Mountains, 50 miles east of 
Los Angeles and 3 miles north of Riverside. 
The original quarry site on Chino Hill (Fig. 1; 
PI, 2), known as the Chino Quarry, was opened 
in 1908 for “limestone” (marble) to be used in 
the manufacture of portland cement. In the 
years immediately following, other quarries 
yere opened on the north and east sides of Sky 
Blue Hill. The quarry on the east side of this 
hill, known as the Commercial Quarry (Fig. 1; 
Pls. 1, 2, 3, and 10), was worked primarily for 
riprap and is the site of the original discovery 
of the complex mineral assemblages for which 
Crestmore is famous (Eakle and Rogers, 1914.) 
However, in 1947 a small amount of “‘ime- 
stone” was quarried from the lower levels of 
this opening for the manufacture of cement. 
During World War II the old North Star and 
Lone Star quarries on the north side of Sky 
Blue Hill were nearly obliterated by the west- 
ward extension of the Wet Weather quarry. 
Moreover, underground mining operations, in 
which a modified system of block-caving is 


, employed, have nearly obliterated the original 


Chino Quarry. They also have yielded the 


| major part of the “limestone” obtained from 


the Crestmore deposits. 


Present Study 


This study of contact metamorphism at 
Crestmore was undertaken in 1950 and has been 
carried on intermittently to the present. It has 
been greatly facilitated by information ob- 
tained from extensive diamond drilling by the 
Riverside Cement Company during 1951 and 
1952. Part of this information pertains to the 
spatial distribution of the rocks and is sum- 
marized in the exploded block diagram (PI. 1); 
another part, obtained from a detailed petro- 
graphic study of many thousands of feet of 
drill core, constitutes the basis for much of the 
text discussion. An opportunity seldom is 
afforded for a detailed three-dimensional study 
of such petrologically important deposits as 
those at Crestmore, and it is largely due to 
knowledge of the third dimension that many of 
the genetic, as well as the spatial, relationships 
of the rocks are now more clearly defined. 

The results of the field work, which was done 
wainly in 1951 and 1952, are presented in part 
in the generalized geologic map of Figure 1, the 
detailed geologic map of Plate 10, and the 


exploded block diagram (PI. 1). Plate 10 was 
made as an overlay on the oblique aerial 
photograph (PI. 3) and has essentially the same 
direction of view as Plate 1. A preliminary re- 
port summarizing part of this work already 
has been published (Burnham, 1954), but much 
of the information that is embodied in the 
present paper, especially on the chemical com- 
position of the Crestmore rocks, has been ob- 
tained since then. Moreover, many experimen- 
tal data on contact-metamorphic processes 
have been obtained recently and, although these 
data do not appear directly in this paper, many 
of the interpretations and conclusions are influ- 
enced by them. 

There are many still unsolved problems con- 
nected with the Crestmore deposits, especially 
those involving the retrograde alteration prod- 
ucts of prograde minerals. Even though these 
retrograde minerals present a separate petro- 
logic problem that doubtless is worthy of fur- 
ther detailed study, they have been ignored for 
the most part in this study because they are not 
directly involved in the prograde contact 
metamorphism, the primary concern of this 
work. 
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GEOLOGIC SETTING 


GEOLOGIC SETTING 


The carbonate rocks in which the contact 
deposits at Crestmore occur form part of a thick 
sequence of predominantly siliceous metasedi- 
mentary rocks that are widespread in the 
Peninsular Ranges of southern California. 
They appear to be either late Paleozoic (Wood- 
ford effl., 1941) or Triassic (MacKevett, 1951) 
and commonly occur as screens in the plutonic 
rocks of the southern California batholith 
(Larsen, 1948). 

The country rock in which the metasedi- 
mentary screens at Crestmore occur is a quartz 
diorite of early late Cretaceous age (Larsen ef 
al., 1954). This quartz diorite is equivalent to 
the Bonsall tonalite of Larsen (1948) and con- 
stitutes the northernmost exposures of the 
intrusive rocks of the southern California 
batholith. Locally, and apparently only at 
Crestmore, both the metasedimentary rocks and 
the quartz diorite are intruded by a relatively 
small body of aplitic quartz monsonite por- 
phyry, the age of which is unknown. It is with 
this body of porphyry that the complex contact- 
metamorphic mineral assemblages are associ- 
ated. 

The major structural features of the Crest- 
more area are relatively simple, although locally 
and on a small scale the metasedimentary rocks 
are highly deformed. The greatest deformation 
occurs in the marbles and clearly is related to 
the intrusion of the quartz diorite and quartz 
monzonite porphyry magmas. In general, the 
bedding in the metasedimentary rocks strikes 
lightly west of north and dips moderately 
eastward. The steepest dips (up to 80°) occur in 
the vicinity of Crestmore Mine (Pl. 2), but in 
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the eastern part of the area the dip is uniformly 
about 20°. Generally concordant attitudes are 
exhibited by the foliation in the quartz diorite 
and by the contacts between the quartz diorite 
and the metasedimentary screens throughout 
the northern part of the batholith. 

The relatively minor structural features in 
the Crestmore area are somewhat complex. The 
lower body of marble (called the Chino lime- 
stone by Woodford ef al., 1941, the Chino 
Quarry limestone by J. W. Daly, 1935, and the 
Chino Hill limestone by Eakle, 1917) has been 
deformed into a shallow eastward-plunging 
syncline, whereas directly above this syncline 
the upper marble body (called the Sky Blue 
limestone by Woodford ef al., 1941) has been 
arched into an eastward-plunging anticline. 
The Chino marble body has been thinned con- 
siderably in the trough of the syncline and 
thickened correspondingly on the limbs. 
Numerous small rolls and crenulations in the 
thickened limbs, with their axes plunging 
roughly parallel to the axis of the larger syn- 
cline, indicate that these deformational features 
were produced in large part by the intrusion of 
the sill-like mass of quartz diorite that lies 
between the two marble units, as shown in 
Plate 1. Similarly, it appears that the anticline 
in the Sky Blue marble was produced by the 
forcible intrusion of the quartz monzonite 
porphyry magma. 

Another noteworthy structural feature at 
Crestmore is a small steeply dipping fault that 
strikes about N. 65° E. across the south slope of 
Sky Blue Hill and into the Commercial Quarry 
(Fig. 2; Pl. 10). Slickensides in the Commercial 
Quarry, which plunge about 25° southwest, and 
the offset of the metasedimentary rocks above 


PiaTe 4.—EXPOSURES IN THE COMMERCIAL QUARRY 


Ficure 1—Contact between garnet-contaminated rock breccia and Sky Blue marble above station 


G (Fig. 2; Pl. 10). 


_Ficure 2.—Garnet-contaminated rock breccia above station F (Fig. 2; Pl. 10). Calcite has been par- 
tially leached from the pegmatitic matrix, leaving angular cavities. 
Ficure 3.—Well-zoned prehnite-, calcite-, and wollastonite-bearing pegmatite below station C (Figure 


2; Pl. 10). 


5.—PHOTOMICROGRAPHS 


Ficure 1—Graphic intergrowth of wollastonite and potassium feldspar in pegmatitic contaminated 
tock. The feldspar of the intergrowth is interstitial to plagioclase and quartz, as in Plate 7, 
figure 2. Crossed nicols, X65. 

Ficure 2.—Contact between predazzite (lower right) and monticellite-zone rock. Represents the limit 


oo metasomatism associated with the intrusion of quartz monzonite porphyry. Crossed nicols, 
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Crestmore Mine indicate that the displacement 
along this fault has been about 4 feet in a left- 
lateral oblique sense. This fault does not appear 
to extend westward to the footwall of the Chino 
marble and therefore is presumed to die out 
within this carbonate body. 


PETROLOGY 
Pre-Batholith Metasedimentary Rocks 


Although the pre-batholith rocks throughout 
the northern part of the Peninsular Ranges are 
predominantly siliceous, those at Crestmore 
are mainly calcareous. Several thousand feet of 
the siliceous metasediments occur in the 
Jurupa Mountains west of Crestmore, and 
inasmuch as they have a persistent eastward 
dip, it appears that the marbles overlie the 
siliceous rocks. A similar sequence occurs about 
30 miles south of Crestmore, where about 15,000 
feet of siliceous metamorphic rocks are capped 
by magnesian marbles. 

The noncalcareous metasediments at Crest- 
more consist largely of feldspathic biotite- 
quartz gneisses, schists, and hornfelses. They 
occur mainly between the Chino and Sky Blue 
marbles and locally interfinger with both these 
units. They also locally underlie the Chino 
marble (Pl. 1). The gneisses commonly are 
ptygmatically folded and injected Jit-par-lit by 
quartzo-feldspathic material, especially near 
contacts with igneous rocks. 

The contacts between the siliceous metasedi- 
ments and the marbles generally are sharp, as 
the transition from noncalcareous siliceous 
rocks to nonsiliceous marbles commonly is 
spanned in a single thin section. Locally, how- 
ever, the contacts are somewhat more grada- 
tional, and the resulting transition rocks are 
pyroxene- and/or wollastonite-rich gneisses and 
schists. Whether diopsidic pyroxene or wollas- 
tonite predominates in these rocks depends 
largely upon the magnesium content of the 
original sediments. 

The marble units appear to be crudely lentic- 
ular, although locally their shapes are somewhat 
irregular owing to deformation and interfinger- 
ing with the siliceous metasediments. The two 
bodies thicken toward the east and tend to con- 
verge, although they do not join in the area of 
the quarries. About 2000 feet east of the quar- 
ries the Chino marble is nearly 400 feet thick, 
and the Sky Blue marble is more than 500 
feet thick. 

The chemical and petrographic features of 
both marble units are similar in every respect. 


They are composed in part of alternating layer; 
of predazzite and light-gray coarsely crystallin: 
calcite marble; the remainder consists of rely. 
tively magnesium-poor calcite marbles. Mos 
of the predazzites occur in the lower part of th 
Chino marble and in the upper part of the Sky 
Blue marble. The layers of predazzite clear 
reflect the bedding in the original limes €5, as 
they are parallel to relict bedding in the Haric 
and to the intercalated siliceous metasediments 
They also are roughly parallel to a zone oj 
metamorphosed chert nodules that occurs about 
100 feet above the footwall of the Chino marble. 

The predazzites at Crestmore closely re. 
semble predazzites from other localities (PI. 6, 
fig. 5), and the occurrence of periclase in the 
cores of brucite grains (Pl. 6, fig. 3) clearly 
indicates that the brucite is of secondary origin 
This conclusion is confirmed by the deformed 
lamellae in the calcite around the brucite grains, 
which evidently resulted from the increase in 
volume upon hydration of the periclase to form 
brucite, as suggested by Eakle (1917). The 


magnesium content of the predazzites, calcu-} 


lated as the carbonate, rarely exceeds 25 per 
cent by weight of the rock. Consequently, none 


of the original carbonate beds was dolomite, | 
although many of them were dolomitic or mag-} 


nesian limestones. Not all the magnesium 
occurs in brucite, however, for some beds in the 
central parts of the Chino marble, which locally 
are called “fish-scale lime”, contain as much as 
20 per cent MgCO3. This rock is readily dis- 
tinguished from the surrounding calcite marbles 
by its smaller grain size and “scaly” texture. 
Whether the magnesium in this rock occurs as 
separate discrete grains of dolomite admixed 
with calcite, as partly unmixed dolomite in cal- 
cite hosts, or as a metastable solid solution in 
the calcite has not been determined. . 
Two chemical analyses of the Sky Blue 
marble are presented in Table 1. These analyses 
are of composite samples of diamond-drill core 
and represent the entire body of rock as it wa: 
encountered in the dril] holes. These composite 
samples of drill core, as well as all others de 
scribed in this paper, are identified by the hole 
number and footage of AX-size core included, 
as measured from the collar of the hole. Als, 
individual specimens of drill core are identified 
by hole number, distance in feet from the collar, 


plus distance in inches beyond the last footage} 


marker. The differences in the analyses aris 


largely because the sample from drill hole Nof 


230 (analysis 2) represents a smaller thicknes 
of the lower, less predazzite-rich part of the Sky 
Blue marble. Although this sample is not truly 
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representative of the part of the Sky Blue 
marble that was involved in the contact meta- 
morphism, it was selected for analysis because 
all the major rock types were encountered in 


TABLE 1.—CHEMICAL COMPOSITION OF THE 
Sky MARBLE 
H. B. Wiik, analyst (Weight per cent) 


Constituent 1 2 

SiO, 0.10 0.17 

TiO: 0.02 0.02 

Al.O; 0.24 0.37 

Fe.0; | 0.00 0.00 

FeO | 0.22 0.14 

MnO | 0.01 0.01 

MgO | 8.15 

CaO | 51.20 49.21 

Na,O | 0.00 0.08 

K,0 0.00 0.00 

P.0; 0.17 0.17 

H.0+ | 1.94 | 3.55 

H,0— | 0.08 0.00 

CoO, 40.62 | 38.40 

S 0.01 0.02 

SO; 0.00 0.00 

F | 0.02 0.02 

cl 0.01 0.00 

BaO 0.02 0.02 

Less O for Sand F....... 0.01 
| 100.32 

1. Petrographically representative composite- 


core sample of the Sky Blue marble (DDH 206, 
4-213 feet). 

2. Composite core sample of the upper part of 
the Sky Blue marble (DDH 230, 108-225 feet). 


this one hole. An opportunity was thus afforded 
for direct comparisons of rock types that are 
sequentially associated in space. 

In order that a more accurate over-all com- 
parison of rock types could be made, another 
composite core sample was selected from drill 
hole No. 206. This sample is petrographically 
representative of the part of the Sky Blue 
marble that was involved in the contact meta- 
morphism, and the analysis of it, presented in 
column 1 of Table 1, is used as the basis for 
comparison with the contact rocks that were 
derived from the marble. 
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One of the more important compositional 
features of the Sky Blue marble is its very low 
content of SiO, and AlxO3. This is somewhat 
surprising in view of the intimate association of 
the marble units with siliceous metasedimentary 
rocks. Also, there is sufficient HO in the Sky 
Blue marble to account for essentially all the 
Mg0 as brucite, and there is just enough (0, 
to satisfy the CaO in calcite. Consequently very 
little magnesium occurs in minerals other than 
brucite. 

A discussion of the contact-metamorphic fea- 
tures in the pre-batholith rocks is deferred to 
later sections. It will suffice here to mention 
that the mode of occurrence of the predazzites 
is inconsistent with a gross introduction or te- 
distribution of magnesium during metamor- 
phism of the original carbonate rocks. More- 
over, the amount of magnesium in the predaz- 
zites is compatible with a syngenetic origin, 
perhaps as algal limestones (Chave, 1954), al- 
though a diagenetic origin also appears possible. 


Igneous Rocks 


Quartz diorite—The country rock of the 
Crestmore region is principally a hornblende- 
biotite quartz diorite, the Bonsall tonalite of 
Larsen (1948), and constitutes the northem- 
most known exposures of the intrusive rocks of 
the southern California batholith. The quartz 
diorite is the only rock type of this great com- 
posite batholith that is exposed in the immedi- 
ate vicinity of the quarries, although both the 
San Marcos gabbro and the Woodson Mountain 
granodiorite crop out near by in the Jurupa 
Mountains, and the Rubidoux Mountain gran- 
ite underlies Rubidoux Mountain only about 
2.5 miles south of Crestmore. 

The more homogeneous facies of quartz 
diorite generally are of medium to coarse grain 
and possess an hypautomorphic texture. The 
plagioclase is a calcic andesine that contains 
approximately 44 per cent of the anorthite end 
member. Although this rock appears to be of 
uniform composition, some distinct local varia- 
tions result in types that range from quartz 
monzonite to hornblende gabbro, as can be 
seen in Table 2. 

Modal analyses 1, 2, and 3 of Table 2 are of 
samples from different parts of the area and 
appear megascopically to be typical of the 
quartz diorite. Column 4, which is an average 
of the first three analyses, is therefore con- 
sidered to represent the average mineral compo- 
sition of the quartz diorite. Although this aver- 
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ye is only an approximation, it corresponds 
dosely to the mineral composition of the Bon- 
all tonalite about 13 miles south of Crestmore, 
ss determined by Larsen (1948, p. 66) and 
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ination of the quartz diorite magma by various 
kinds of wall rocks. For example, a carbonate 
wall-rock environment affects the marginal 
phases of the quartz diorite in two different 


TABLE 2.—MINERAL COMPOSITION OF THE QUARTZ DiORITE AND ALLIED ROCKS 
(Weight per cent) 


| | | 
Mineral 3 4 5 6 | 7 12 | 13 | 14 
55.8 | 55.1 | 53.9] 54.9 | 52 | 69.7 | 49.4 | 39.2 | 34.3 | 74.1 | 34.9 | 46.5 53.2 | 51.1 
Potassium feldspar......... 0.5) 0.5] tr | 0.3 0.5 | 22.6| 19.5] tr | 30.5] 0.4} | 
17.6 | 19.4] 24.4] 20.5] 22 | 18.1] 8.8 | 23.5] 17.9] 3.5] .. 
OF) te) a3) 47 tr 0.7 | 2.0) 29.6 | 42.6 | 26.7| 1.6 
Hornblende 17.4} 12.6 | 2.7] 10.9 20.8 | 6.3 | 16.3 | 14.4 | | 8.8 | 38.6 
| 1.7 1| 20.5 | 7.8| 10.4| 6.0 . 110.5] 8.3 
Opaque minerals. ....... } 0.4] tr tr 0.1 tr tr 0.5 | 0.4 2.5] 38) 6.4 
Apatite | te tr 0.2| tr | tr | tr | 0.2} 0.7 | 
|100.1 |100.1 100.1 |100.1 | 99 |100.0 |100.0 | 99.9 {100.0 |100.0 '100.0 {100.0 |100.0 |100.0 
Anorthite content of plagio-) | | | | | 
-.| 42 | 42 | 47 | 44 45 | 42 44/38 | 53) | 42 | | 44 | 44-53 


1. Quartz diorite (No. 210-503 + 90) 

2. Quartz diorite (No. 210-626 + 24) 

3. Quartz diorite (No. 230-742 + 1) 

4. Quartz diorite (Average of 1, 2, and 3) 

5. Bonsall tonalite from 2 miles west of Valverde (Larsen, 
1948, p. 66, SLRE 138-28). 

6. Leucocratic quartz diorite (No. 208-620 + 84). 

7. Melanocratic quartz diorite (No. 208-253 + 0). 


presented in column 5 of Table 2. Moreover, 
the hypothetical chemical composition of the 
“average quartz diorite” (Table 3, column 2) 
corresponds closely to the chemical composition 
of the same sample of Bonsall tonalite (Table 
3, analysis 1). The main discrepancy is in the 
ALO3;+Fe:03/Mg0+FeO ratio and probably 
arses from assumptions, based on optical 
properties, regarding the chemical composition 
of the ferromagnesian minerals. 

Although the total ferromagnesian mineral 
content of each of the three “‘typical” samples 
of quartz diorite is about the same, their rela- 
tive proportions in each sample are very differ- 
eat. Moreover, there appears to be a direct 
rationship between the quartz and biotite 
contents of the rock and an inverse relationship 
between the quartz and hornblende contents. 

Minor leucocratic variants of the quartz 
diorite are represented by analysis 6, Table 2, 
and minor melanocratic variants are repre- 
sented by analysis 7. Analyses 8 and 9 represent 
more extreme granodioritic variants of the 
“quartz diorite”, and analysis 10 is of a more 
extreme gabbroic variant. It is probable that 
many of these variations in mineral composition 
reflect differences in the nature and degree of 
assimilative reaction and consequent contam- 


8. Granodiorite (No. 206-385 + 108). 

9. Granodiorite (No. 201-237 + 14). 

10. Hornblende gabbro (No. 214-546 + 108). 

11. Pyroxene monzonite (No. 225-786 + 115). 

12. Pyroxene gabbro (No. 215-213 + 20). 

13. Dioritic inclusion in quartz diorite (No. 208-253 + 68b). 
14. Dioritic inclusion in quartz diorite (No. 210-513 + 12b). 


ways: within 1 or 2 feet of the calcareous rocks 
the normal quartz diorite in some places grades 
into a quartz-poor, potassium feldspar-rich 
pyroxene monzonite like that represented by 
analysis 11, Table 2, and in other places grades 
into a quartz and potassium feldspar-poor py- 
roxene gabbro (analysis 12). These two types of 
contaminated rock differ mainly in the high 
potassium feldspar content of the monzonite 
and the higher anorthite content of the plagio- 
clase in the gabbro. They are similar, however, 
in that both are desilicated, as compared with 
the parental quartz diorite, and both contain 
pyroxene instead of hornblende and biotite. 

The process by which an initially over- 
saturated magma, by assimilative reaction with 
carbonate rocks, becomes more syenitic on the 
one hand and more gabbroic on the other is 
discussed more fully in the section on con- 
taminated rocks. That it is of widespread oc- 
currence is attested by the numerous discussions 
of it in connection with the origin of alkaline 
rocks (cf. Shand, 1923; R. A. Daly, 1933; 
Smyth, 1927; Bowen, 1928). 

A characteristic feature of the quartz diorite 
throughout large parts of the southern Cali- 
fornia batholith is the occurrence of dark inclu- 
sions (Hurlbut, 1935; Larsen, 1948). Near the 
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margins of some plutons many of the inclusions 
are subangular blocks several feet across; in 
other places they are vaguely bounded schlieren 
or dark wisps. Hurlbut has demonstrated that 


TABLE 3.—-CHEMICAL COMPOSITION OF THE 
Quartz DiorITE 
(Weight per cent) 


Constituent 1 Z 
SiO. 62.28 |. 62.2 
TiO. 0.72 0.1 
Al.O; | 16.68 19.0 
Fe.0; 0.78 1.8 
FeO 4.8 
MnO 0.07 
MgO 2.23 1.2 
CaO | 5.72 5.5 
Na,O 3.50 3.7 
K:0 1.49 1.3 
H.0— | 0.04 
H.O+ 0.55 0.3 
CO, 0.00 
P.O; 
0.11 
BaO 0.06 
ZrO» 

99.64 99.9 


1. Bonsall tonalite 2 miles west of Valverde as 
reported by Larsen (1948, p. 66). A modal analysis 
of the same sample is presented in column 5, Ta- 
ble 2. 

2. Hypothetical chemical composition of the 
quartz diorite computed from the average mineral 
composition as given in column 4, Table 2. 


in some places the inclusions originally were 
San Marcos gabbro, although in others many of 
them are composed of metasedimentary rocks. 
The inclusions in the quartz diorite of the 
Crestmore area consist of both igneous and 
metasedimentary rocks, but the igneous ma- 
terial does not appear to have been San Marcos 
gabbro originally. Instead, most of the igneous 
inclusions appear to represent early marginal 
phases of the quartz diorite, some of which 
might have been contaminated through assimi- 
lation of calcareous metasedimentary rocks. One 
such product of contamination is represented 
by analysis 12, Table 2, and inclusions that 
might well have been derived from this type of 
contaminated rock are represented by analyses 
13 and 14. 


The inclusion that is represented by analysis 
14 has a porphyritic (or pseudoporphyritic) 
texture (PI. 6, fig. 1). The large grains oj 
plagioclase, which have an anorthite content of 
about 53 per cent, could be phenocrysts or 
porphyroblasts, although many of them occur 
in clusters of three, four, or more anhedral 
individuals that might be relicts of an originally 
coarser-grained rock. Even the phenocrystlike 
grains are highly corroded and contain abun- 
dant biotite and hornblende inclusions near 
their margins. Moreover, the “groundmass” pla- 
gioclase contains about 44 per cent anorthite, 
the same as the plagioclase of the nonporphy- 
ritic inclusions and the average quartz diorite, 
It is therefore suggested that most of these in- 
clusions have been largely altered toward quartz 
diorite composition from an originally slightly 
more mafic and coarser-grained igneous rock. 

The structural elements of the quartz diorite 
consist of: (1) abundant ellipsoidal inclusions of 
gabbroid rock which show preferred orientation 
of their axial elements, producing a planar 
structure; (2) strong gneissic layering commonly 
developed near contacts with limestone; and 
(3) a planar structure that rarely is detected in 
hand specimen or thin section, but which 
clearly is a cause of a consistent westerly deflec- 
tion of vertically directed diamond-drill holes. 
All these elements strike approximately north 
and dip moderately eastward, although minor 
local deformation produces considerable de- 
partures from this general attitude. 

Foliation is well developed in some of the 
ellipsoidal dark inclusions in the quartz diorite, 
but in the majority of them, especially in the 
“porphyritic” type, it is not conspicuous. Where 
it is developed, it lies in the ab plane of the 
ellipsoids and is parallel to the plane of folia- 
tion in the quartz diorite. Although many of 
the inclusions are not conspicuously foliated, 
the quartz diorite in contact with them com- 
monly exhibits a strong preferred orientation 
of mineral grains (Pl. 6, fig. 6). This phenom- 
enon is interpreted as a result of differential 
flow in a very viscous quartz diorite magma. 

The gneissic layering in the quartz diorite 
commonly is produced by the planar orienta- 
tion of shreds and plates of biotite along rela- 
tively closely spaced shear zones (PI. 6, fig. 4). 
In Plate 6, figure 2, which is an enlargement of 
the top part of Plate 6, figure 4, a considerable 
amount of sphene is arranged sawtooth fashion 
parallel to the cleavage of surviving shreds ot 
biotite. The sphene occurs in a matrix of 
chlorite, quartz, and residual biotite and 1s 
interpreted as a product of the deuteric altera- 
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tion of titaniferous biotite. This occurrence of 
ghene is a common feature in the quartz 
diorite in many parts of the batholith, but it is 
of especial importance here, for it indicates that 
the foliation had developed prior to the deuteric 
iteration of the biotite and hence probably 
before the final consolidation of the quartz 
diorite magma. 

The intrusion of the quartz diorite magma 
produced considerable deformation in the 
marbles, as has been described in the previous 
section. In general, the deformation consists of 
relatively small domical arches in the footwall 
portion of the Chino marble and antithetic 
anticlines and synclines in the hanging-wall 
portions of the Chino marble and footwall por- 
tions of the Sky Blue marble (PI. 1). The quartz 
diorite rarely intrudes the marbles discordantly 
toan appreciable extent; hence it is suggested 
that these deformational features perhaps are 
the result of flowage in the marbles under the 
intrusive pressures of a highly viscous quartz 
diorite magma. The attitudes of these defor- 
mational features also indicate that the quartz 
diorite magma was injected upward from 
the east, approximately up the dip of the 
metamorphic units. Thus, the mass of quartz 
diorite that lies between the two bodies of 
marble is essentially a sill (Pl. 1), although it is 
contiguous with the main mass of quartz diorite 
on the north, east, and south, and perhaps also 
on the west originally. 

The largest example of a mass of quartz 
diorite, or derivative thereof, that has “punc- 
tured” the footwall of the Chino marble is a 
nearly vertical pipelike body, as much as 50 
feet in diameter, that was encountered in 
Crestmore Mine. This pipe was fringed with 
masses, several feet thick, of pyrrhotite, sphal- 
erite, and other sulfides in a calcite matrix. 
Similar though much smaller axinite-bearing 
pipes and dikes have been encountered more 
recently in the southern end of the mine. The 
junction of the large pipe with the underlying 
quartz diorite has not been exposed in the mine 
workings, but the smaller pipes and/or dikes in 
the south end of the mine appear to extend into 
the marbles from near the crest of one of the 
small domical arches in the footwall of the 
Chino marble. 

The silicate contact zones between quartz 
diorite and the marbles are less than 1 foot 
thick in most places and rarely are more than 
feet thick. The minerals most characteristic of 
these zones are brownish grossularite, grass- 
green diopside, and colorless wollastonite. 
Minor amounts of quartz and clinozoisite are 
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present locally on the igneous side of the contact 
zone, whereas spinel-group minerals, rarely in 
association with a few small crystals of clino- 
humite, occur on the marble side. Also, scat- 
tered grains of sulfides commonly occur both in 
the contact rock and in the marbles very near 
the contacts. 

Contact effects, other than for formation of 
the narrow silicate zone which represents the 
extent of silica, alumina, and iron metasoma- 
tism associated with the quartz diorite magma, 
consist of the recrystallization of all the rela- 
tively pure limestone beds to coarse-grained 
calcite marbles, and the formation of periclase 
marbles from the magnesium-bearing beds. The 
formation of the predazzites at the expense of 
the periclase marbles through the hydration of 
the periclase to form brucite appears to have 
occurred during the waning stages of the quartz 
diorite intrusive activity, as the occurrence of 
periclase in surface outcrops and in diamond- 
drill holes indicates that neither weathering 
nor ground-water action was the cause of the 
alteration. 

Other contact effects, which are largely 
thermal in nature, are represented by reaction 
rims of wollastonite around recrystallized chert 
nodules that occur in a bed of calcite marble 
about 100 feet above the footwall of the Chino 
marble. Similarly, sugary white wollastonite, 
commonly with minor amounts of pale gros- 
sularite and/or green diopside, occurs locally in 
both marble bodies as lenticular masses a few 
inches thick. These masses apparently represent 
small lenses of initially silty or argillaceous 
limestone. 

Small flakes of brown phlogopite occur locally 
disseminated through the predazzites. Near the 
quartz diorite contacts these flakes commonly 
are green instead of brown and resemble some- 
what the green xanthophyllite that occurs in 
the contact aureole which surrounds the quartz 
monzonite porphyry. Small graphite flakes also 
are commonly disseminated through the 
marbles, and locally near the footwall of the 
Chino marble graphite is sufficiently abundant 
to form calcitic graphite schist. 

The masses of predominantly siliceous meta- 
morphic rocks that were engulfed by the sill- 
like body of quartz diorite between the two 
marble units locally contain lenses of mag- 
nesian marble, some of which are several feet 
thick. Most of the thicker lenses are surrounded 
by zones as much as a foot thick of diopside- 
wollastonite-grossularite rock, and some of the 
thinner lenses have been completely converted 
to this rock. The more magnesian (diopsidic) of 
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these small lenses appear to have been favorable 
sites for the deposition of sulfides, chiefly pyr- 
rhotite, chalcopyrite, and loellingite. 

In the extreme northeastern corner of the 
area shown in Plate 1, the siliceous metamorphic 
rocks between the two marble units grade into 
a wollastonite-rich schist that also contains 
considerable amounts of pale-green diopside, 
brown grossularite, and calcite. This rock ap- 
pears to have formed largely by thermal meta- 
morphism of silty and argillaceous limestone 
during the intrusion of the quartz diorite. 

Quartz monzonite porphyry.—Blocky masses 
of light-gray quartz monzonite porphyry are 
exposed in both the southern and northern 
parts of the upper face of the Commercial 
Quarry (Fig. 2; Pl. 3). The southern and 
structurally lower mass is the exposed part of 
an irregular pipe that was intruded upward 
from the east along the contact between the 
Sky Blue marble and the underlying quartz 
diorite (Pl. 1). The northern and structurally 
higher mass also is the exposed part of an 
irregular pipe that was intruded upward from 
the east, but it lies entirely within the Sky Blue 
marble. However, the mass from which this 
latter pipe branches lies mainly along or very 
near the contact between the Sky Blue marble 
and quartz diorite and extends westward up the 
dip beneath Sky Blue Hill. Another relatively 
large mass of quartz monzonite porphyry 
underlies the floor of the northern part of the 
Commerical Quarry, and it is with this body 
that the contact rocks exposed on the lower 
levels of the Commercial Quarry between sta- 
tions J and N, Plate 10, are associated. As 
indicated in Plate 1, the source of the quartz 
monzonite porphyry apparently lies southeast 
of the Crestmore area. 

The texture of the porphyry is mainly 
xenomorphic porphyritic, as shown in Plate 7, 
figure 5, but in detail it is highly variable, 
especially with respect to grain size and relative 
abundance of plagioclase phenocrysts. The 
phenocrysts, which constitute as much as 26 
per cent of the rock, generally are anhedral and 
range from 1 to 7 mm in diameter. Their 
anorthite content ranges from 30 to 50 per cent, 
depending upon the amount of contamination 
by limestone, but the average is about 37 per 
cent. In contrast, the anorthite content of the 
plagioclase in the fine-grained groundmass 
ranges from 25 to 33 per cent, and the average 
is about 30 per cent. Locally, where pheno- 
crysts are nearly lacking, as at station D, the 
rock is aplitic and consists of fine-grained 


anhedral plagioclase, potassium 
quartz, and minor subhedral pyroxene. 
The mineral composition of the less cop. 
taminated phases of the quartz monzonite 
porphyry is represented by analyses 1-3 of 
Table 4. The sample represented by analysis | 
is practically the same as that represented by 


feldspar, 


chemical analysis 1 of Table 5. Moreover, the | 


average chemical composition of the less con. 
taminated porphyry, as given in column 3 of 
Table 5, corresponds fairly closely to the aver. 
age mineral composition given in column 3 oj 
Table 4. However, a comparison of the norm 
with the mode reveals a considerable discrep- 
ancy in the potassium feldspar/plagioclase 
ratio. This feature persists throughout the 
quartz monzonite porphyry and its contami- 
nated derivatives and is attributed to the 
occurrence of relatively large amounts of so- 
dium in the potassium feldspar of the porphyry 
and in the pyroxene (aegerinaugite) of the 
highly contaminated rocks. 

The pyroxene of the less contaminated quartz 
monzonite porphyry, which generally is a light- 
green diopsidic augite, occurs largely as small 
subhedral crystals or clusters of crystals dis- 
seminated through the rock. In places the 
clusters resemble relatively large (up to 3 mm) 
poikilitic or poikiloblastic crystals, as shown in 
Plate 7, figure 3, and suggest that much of the 
pyroxene might have crystallized after some of 
the feldspar and quartz. 

The interiors of some of the larger bodies of 


quartz monzonite porphyry, especially the pipe _ 


that underlies the northern part of the Com- 
mercial Quarry, are considerably more porphy- 
ritic than the outer parts. Both the mineral 
composition (analysis 12, Table 4) and the 
chemical composition (analysis 4, Table 5) indi- 
cate that these more porphyritic rocks are 
somewhat more contaminated than the average 
quartz monzonite porphyry (column 14, Table 
4, and column 6, Table 5). Also, their texture 
and mode of occurrence suggest a cooling 
history somewhat different from that of the 
finer-grained, more aplitic rocks. 

Within a few feet of the contacts with quartz 
diorite, the quartz monzonite porphyry gener- 
ally contains 2 to 5 per cent of dark minerals, 
mainly hornblende and biotite instead of py- 
roxene (analyses 4-8, Table 4). Moreover, the 
sphene in this rock commonly contains cores of 
ilmenite or titaniferous magnetite, whereas the 
sphene of the “normal” porphyry is free of 
oxides. The major differences in the bulk 
chemical composition of this hornblende- and 
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eldspar. | piotite-bearing porphyry (analysis 5, Table 5), of drill core that makes up the chemically 
| 4s compared with the “normal” porphyry analyzed composite sample includes the speci- 
88 con- | (column 3, Table 5), are: greater TiOz, total mens that are represented by modal analyses 9 
nzonite | jon oxide, P3Os,H2O, and S contents, and a_ and 11, Table 4. These analyses correspond to 
1-3 of | jower Si02 content. Whether these differences the norm, except for the usual and previously 


alysis | 


ted by TABLE 4.—MINERAL COMPOSITION OF THE QUARTZ MONZONITE PORPHYRY 
er, the | (Weight per cent) 
in 3 of Mineral ; ££ -.2 3 4 5 6 7 8 9 10 | 11 | 12 13 14 
I 3 of | piggnclase...........000..000- 30.2 | 29.4 | 29.8 | 35.7 | 33.4 | 22.7 | 25.2 | 29.3 | 25.2 | 28.3 | 29.1 | 38.5 | 29.0 | 29.9 
> orm Potassium feldspar ........... 30.8 | 37.9 | 34.4 | 30.6 | 37.0 | 38.4 | 26.2 | 34.2 | 31.9 | 37.5 | 31.8 | 23.7 | 34.4 | 32.6 
iscrep- Quartz 26 ee eee | 34.1 | 27.2 | 30.7 | 24.3 | 24.8 | 36.8 | 45.2 | 33.8 | 34.7 | 26.9 | 28.7 | 24.2 | 23.2 | 29.0 
iocl | ee | 4.2 4.8 4.5 1.5 0.6 ‘ i 0.5 6.8 6.8 9.4 | 11.8 | 11.4 7.0 

Mtami- | Opaque minerals............... tr tr tr tr tr 
the Sphene tal 0.7! 0.8 0.8 3.8 0.8 tr 0.9 0.5 0.9 1.7 2.0 1.1 

of s0- Apatite | | 
phyry |100.0 100.1 |100.2 100.1 {100.0 |100.1 | 99.9 |100.2 {100.0 {100.0 | 99.9 | 99.9 |100.0 {100.0 
of the Plagioclase phenocrysts. ..... 12.3} 3.31 $0.8) ? ? 7.3 | 14.9 | 16.2] 26.0] 9.0 

Anorthite content of plagio- 
Juart 29-? | 28 27-28) 33-42) 30 32 31 31-27) 27-37) 28-36) 33-50} 25-35) 32 
light- 1. Least contaminated quartz monzonite porphyry (No. 228-181 + 72). 
small 2. Very slightly contaminated quartz monzonite porphyry (No. 220-37a). 
S dis- 3. Average of 1 and 2. 
5 the 4. Quartz monzonite porphyry near contact with quartz diorite (No. 217-16b). 

5. Quartz monzonite porphyry near contact with quartz diorite (No. 216-12). 

| mm) 6. Quartz monzonite porphyry near contact with quartz diorite (No. 228-327 + 96). 
wn In 7. Quartz monzonite dike in quartz diorite (No. CWB-8). 


of the 8. Average of 4, 5, 6, and 7. 


me of 9, Slightly contaminated quartz monzonite porphyry (No. 230-310 + 60). 
10. Slightly contaminated quartz monzonite porphyry (No. 230-3384 + 42). 
3 11. Slightly contaminated quartz monzonite porphyry (No. 230-317 + 82). 
ies of 12. Slightly contaminated quartz monzonite porphyry (No. 230-327 + 66). 
pipe i 13. Slightly contaminated quartz monzonite porphyry (No. 232-256 + 42). 
Com- 14. Weighted-average bulk mineral composition of the quartz monzonite porphyry. 
phy- 


neral | are due mainly to differences in contaminating mentioned discrepancy in the potassium feld- 
the | materials or the lack of appreciable contamina- _spar/plagioclase ratio. 
indi- | tion by limestone is uncertain. Had the quartz In order that the bulk mineral composition 
are | Monzonite porphyry magma not intruded the of the quartz monzonite porphyry body as a 
rage | Sky Blue marble, perhaps the entire body whole might be estimated, an average that is 
‘able | would have crystallized as a biotite- and/or weighted according to the estimated relative 
ture | hornblende-bearing quartz monzonite such as_ volumes of the different types was computed 
sling | theapophysis that occurs in quartz diorite very (column 14, Table 4). A weighted-average bulk 
the | Near the footwall contact of the porphyry be- chemical composition was computed in similar 
neath Sky Blue Hill (cf. analysis 7, Table 4). manner and is presented in column 6, Table 5. 
jartz The less contaminated quartz monzonite Although the chemical analyses are of large 
net- | Porphyry represented by analysis 3, Table 4, composite samples, whereas the modal analyses 
ral, }| aid analysis 1, Table 5, is for the most part are of individual thin sections, the two averages 
py- | Confined to the interiors of the larger masses. are nearly equivalent, again except for the 
the | The bulk of the porphyry has been slightly feldspar ratio. 
sof | More contaminated through the assimilation of The quartz monzonite porphyry is marked 
the limestone. The chemical composition of these by joints, flow layering, and a weak lineation. 
> of ‘lightly more contaminated variants of the Near station A (Fig. 2; Pl. 10) in the southern 
vulk porphyry is represented by analysis 2, Table 5, part of the Commercial Quarry, two sets of 
and the mineralogical variation in these rocks joints are conspicuous. One set, which is parallel 
bymodal analyses 9-13, Table 4. The 1514 feet to the plane of foliation and flow layering, 
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TABLE 5.—CHEMICAL COMPOSITION OF THE QUARTZ MONZONITE PORPHYRY 
(Weight per cent) H. B. Wiik, analyst. 

Constituent 1 | 3 4 5 6 
ee 74.15 | 71.52 72.84 70.46 69.36 | 71.78 
0.22 | 0.32 | 0.27 0.30 0.50 0.31 
ALO. 12.15 | 13.14 | 12.65 13.25 13.21 | 12.91 
0.32 0.39 | 0.36 0.25 0.64 | 0.39 
0.03 | 0.02 0.03 0.02 0.03 | 0m 
MgO 0.29 |° 0.82 | 0.56 1.28 0.93 0.76 
See 2.69 4.00 | 3.35 4.63 3.86 | 3.33 
4.10 3.42 | 3.76 3.02 3.34 | 3.83 
ee 3.30 4.12 3.71 4.28 | 3.48 | 3.86 
0.04 0.04 0.04 0.09 0.12 | 0.06 
HO+........... 0.30 0.44 | 0.37 0.40 | 0.52 | 0.21 
0.03 0.00 | 0.02 0.08 | 0.00 | 0.0 
CO, 0.00 0.00 | 00 0.00 | 0.0 , 0.0 
0.00 0.00 0.00 0.04 | 0.30 | 0.04 
See 0.00 | 0.00 | 0.00 0.00 0.00 0.00 
0.00 | 0.00 | 0.00 0.02 0.03 0.01 
Se eee 0.00 0.00 0.00 0.00 0.00 0.00 
0.03 0.02 | 0.03 | 0.02 0.02 | 0.02 

99.58 | «099.68 | 99.67 99.92 99.62 | 99.48 
Less O for S and F. .| | | 0.01 0.08 | 

| 99.91 99.54 | 
Norm 

Quartz........... | 33.25 31.15 | .. | 29.30 | 32.20 
Orthoclase....... .. 19.52 22.91 | 25.30 | 20.01 
34.63 28.92 | | 25.52 | 29.25 
Anorthite.......... 4.95 6.28 | | 11.97 
Diopeidle. ......... | 6.72 | 7.86 | 7.80 | 
Wollastonite....... 1.04 1.69 | - 1.32 a 
Hypersthene....... = | ots 5.42 
Magnetite......... 0.46 0.46 | 0.97 

100. 57 99.27 | 101.97 | 99.92 | 


1. Least contaminated quartz monzonite porphyry obtainable (DDH 228, 183-214 feet). 

2. Very slightly contaminated quartz monzonite porphyry (DDH 230, 313-32814 feet). 

3. Average of columns 1 and 2. Representative of the main mass of less contaminated quartz monzonite 
porphyry. 

4. Highly porphyritic quartz monzonite porphyry (DDH 230, 32814-340 feet). 

5. Quartz monzonite porphyry in contact with quartz diorite (DDH 228, 31814-337 feet). 

6. Weighted-average bulk chemical composition of the quartz monzonite porphyry intrusive mass at 
Crestmore. 
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rikes N. 48° W. and dips 28° northeast near 
the footwall contact with quartz diorite but 
grikes N. 30° W. and dips 30° northeast near 
the hanging-wall contact with contact rock. 
The other set strikes nearly east and dips 86° 
5, to 87° N. The intersection of these two sets 
of joints defines a lineation near the footwall 
that nearly coincides with another lineation 
jormed by the preferred orientation of mineral 
gains. Moreover, these lineations are approxi- 
mately parallel to the direction of flow of the 
magma, as determined by the shape and sus- 
pected source area of the porphyry intrusive 
mass. 

The quartz monzonite porphyry appears to 
have been intruded as a pipelike body, 200-300 
fet in diameter, upward and northward from 
points beneath the southeast corner of the area, 
asshown in Plate 1. The wall rocks of the pipe 
in this part of the area are quartz diorite and a 
small remnant of the Chino marble. At the 
intersection of the pipe with a large fragment 
of siliceous metasedimentary rocks that under- 
lies and interfingers with the lower members of 
the Sky Blue marble, the pipe branches into 
two smaller pipes, one of which extends west- 
ward along the contact between quartz diorite 
and the metasedimentary rocks. The other pipe 
extends northward and upward through the 
remnant of metasedimentary rocks and more 
quartz diorite into the Sky Blue marble. Within 
the Sky Blue marble the porphyry forms a 
complex network of anastomosing pipes and 
stringers, the larger bodies being directed either 
westward along and near the footwall contact 
or steeply upward into the marble. As closely 
as can be determined, the porphyry extends 


_ only a short distance northward beyond the 
' south wall of the Wet Weather Quarry. 


The intrusion of the porphyry magma pro- 


: duced profound deformational effects in the 
' Sky Blue marble. In general the marble was 
_ arched into an eastward-plunging anticline, the 


ais of which lies in the northernmost part of 
the Commercial Quarry. The northern limb of 
this anticline forms the south walls of the Wet 
Weather and Wet Weather Extension quarries 
and is relatively uniform and steeply dipping. 
In contrast, the southern limb is very irregular 
in attitude owing to bosslike protrusions from 
the main mass of porphyry in the core of the 
anticline and to deformational effects around 
the porphyry pipe that underlies the southern 
part of the Commercial Quarry and the south 
lope of Sky Blue Hill. 

These deformational features, which clearly 
are associated with the quartz monzonite por- 


phyry intrusive mass, as shown in Plate 1, 
indicate that the porphyry made room for itself 
largely by displacing the Sky Blue marble. 
This conclusion is supported by the fact that 
the relative amounts of calcium in the con- 
taminated and uncontaminated facies of the 
porphyry indicate that certainly less than 15 
per cent, and probably less than 10 per cent, of 
the space now occupied by the porphyry and 
related igneous rocks can be accounted for by 
the assimilation of Sky Blue marble. 

Contaminated rocks——The contaminated 
rocks described here are genetically related to 
the quartz monzonite porphyry and have been 
derived from it through contamination of the 
porphyry magma by magnesian marble (the 
Sky Blue marble). Nearly all gradations exist 
between essentially uncontaminated quartz 
monzonite porphyry and a gabbroic rock of the 
composition indicated by analysis 1, Table 6, 
or a kalisyenitic rock of the composition indi- 
cated by analysis 18; consequently the group- 
ing of the contaminated and uncontaminated 
rocks is somewhat arbitrary. That is, the rocks 
represented by analyses 9-13, Table 4, actually 
are contaminated rocks, but the degree of 
contamination is relatively slight as compared 
with the rocks represented in Table 6, except 
analysis 11, Table 4, which is transitional. 

The contaminated rocks may be subdivided 
into two principal types that generally can be 
distinguished by differences in color, texture, 
composition, and occurrence. The less extensive 
type commonly is very dark and occurs as small 
pipelike masses or stringers in garnet-rich con- 
tact rocks and as small lenticular bodies in the 
more extensive lighter-colored contaminated 
rock. Most of the small masses of contaminated 
rock near station C (Pl. 10) are of this type. 
Syenodiorites are the most abundant of the 
dark contaminated rocks, but quartz diorites, 
diorites, and gabbros also are common (analyses 
1-9, Table 6). The average, as shown in column 
10, Table 6, is a syenodiorite and is approxi- 
mately equivalent chemically to the composite 
sample represented by analysis 2, Table 7. The 
discrepancies between the mode and the norm 
of these rocks arise not only from the occurrence 
of sodium in the potassium feldspar but also 
from potassium in the plagioclase and sodium 
in the pyroxene. 

A comparison of the average dioritic con- 
taminated rock (column 10, Table 6) with the 
parent quartz monzonite porphyry (column 3, 
Table 4) emphasizes the effects of the assimila- 
tion of limestone on the mineral composition of 
the resultant rocks. The more obvious of these 
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diects are the virtual disappearance of quartz 
and an enormous increase in the pyroxene con- 
tent. There also is a marked decrease in the 
potassium feldspar content and a concomitant 
increase in the plagioclase content. Moreover, 
the pyroxene is aegerinaugite instead of diop- 
sidic augite, as in the less contaminated quartz 
monzonite porphyry, or diopside as in the 
contact rocks. These mineralogical] differences 
are reflected in the chemical composition by a 
pronounced decrease in the SiO». content (de- 
ication) and concomitant large increases in 
(20, MgO, FeO, Fe2O3, and TiO: contents of 
the contaminated rock (cf. analysis 2, Table 7, 
with column 3, Table 5). Together with a 
notable increase in the Al,O3 content and de- 
crease in the K.O content, these differences in 
composition indicate that the process of forma- 
tion of the dioritic contaminated rocks is essen- 
tially one of basicification. 

Relatively small masses of dark schistose 
rocks are common, especially in the northern 
part of the Commercial Quarry and above 
station K (Pl. 10). In some of these masses the 
schistosity is well developed, but in others it is 
detectable only microscopically as numerous 
shear fractures along which there has been 
some displacement and granulation. These 
schistose rocks clearly are closely related to the 
dioritic contaminated rocks, for there is a con- 
tinuous gradation between them, and it is sug- 
gested that they are metamorphosed early 
apophyses of contaminated quartz monzonite 
porphyry. Mineralogically the schistose rocks 
differ from the parent contaminated rocks in 
the occurrence of hornblende and biotite, as 
shown in analyses 19-21, Table 6. These miner- 
als appear to have formed at the expense of 


pyroxene, and their preferred orientation indi- 


cates that they are of metamorphic origin. It is 
noteworthy in this connection that there is a 
direct relationship between the ratio of horn- 
blende plus biotite to pyroxene and the degree 
of development of schistosity. 

The more common type of contaminated 
tock, which is represented compositionally by 
analyses 11-16, Table 6, and analysis 3, Table 
i, generally is lighter in color, less porphyritic, 
and coarser-grained. It occurs as relatively large 
masses that locally have engulfed blocks of 
gamet-rich contact rocks and smaller masses of 
dioritic contaminated rock, especially the 
schistose type. In fact, there is strong evidence 
that the metamorphism of the schistose rock is 
closely related to the intrusion of the lighter- 
colored contaminated rock. Generally the 


TABLE 7.—CHEMICAL COMPOSITION OF THE 
CONTAMINATED ROCKS 


(Weight per cent) H. B. Wiik, analyst. 


Constituent 1 2 | 3 
61.07 | 57.91 | 60.22 
0.79} 1.90) 0.60 
3.07 3.57 2.93 
1.97| 2.59} 1.64 
8.36} 10.46} 7.31 
| 3.42 | 4.67 3.36 
| 5.40) 2.77 | 6.97 
| 0.24} 0.50| 0.60 
0.00 0.00 | 0.00 
0.00 0.00; 0.00 
0.00 0.00 | 0.00 
0.02} 0.02) 0.03 
0.17 | 0.15 0.23 

a rN 99.92 | 100.15 | 99.48 
Less O forSandF.... 0.01 
| | | 99.47 

Norm 
ee eee 9.78 | 7.78 | 5.16 
Orthotlase. 31.86 16.34 | 41.14 
28.92 39.46 | 28.40 
8.48 | 11.20; 4.11 
Diopside............. 17.74 | 21.38 | 8.13 
Wollastonite......... 4.68| 3.68] 9.27 
Magnetite........... 1.16 | 2.76 | 0.88 
102.62 | 102.60 | 97.09 


1. Intermediate contaminated rock that mega- 
scopically appears to be representative of the 
contaminated rocks as a whole (DDH 232, 238- 
242 feet). 

2. Typical dark contaminated rock (DDH 200, 
80-88 feet). 

3. Typical light-colored contaminated rock 
(DDH 230, 309-313 feet). 


masses of light-colored contaminated rock are 
marginal to the main bodies of quartz mon- 
zonite porphyry and doubtless grade into them. 

The mineral composition of the more com- 
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mon type of contaminated rock varies consider- 
ably, as shown by analyses 11-16, Table 6. 
Although generally these rocks are more 
leucocratic than the dioritic group described 
heretofore, the feature that serves to distinguish 
them as a group is their higher content of 
potassium feldspar. Facies of these syenitic con- 
taminated rocks that are transitional with the 
quartz monzonite porphyry are represented by 
analyses 11 and 13 (cf. analysis 13, Table 4). 
Column 17 is an average of analyses 11-16 and 
is nearly representative of the entire group of 
syenitic contaminated rocks. 

A comparison of this average with the less 
contaminated quartz monzonite porphyry 
(column 3, Table 4) indicates again that the 
main effects of contamination are a marked 
decrease in the quartz content and a concomi- 
tant increase in the pyroxene content. However, 
unlike the dioritic contaminated rocks, the 
average syenitic contaminated rock contains 
more potassium feldspar than the parental 
quartz monzonite porphyry and about the same 
amount of plagioclase, although the plagioclase 
generally is slightly more calcic. The pyroxene 
content of the syenitic rock, although much 
greater than that of the quartz monzonite 
porphyry, is only about half that of the dioritic 
contaminated rock; hence the differences in 
color. 

The chemical composition of typical syenitic 
contaminated rock (analysis 3, Table 7) cor- 
responds closely to the average mineral compo- 
sition given in column 17, Table 6. The dis- 
crepancy between the mode and the norm is 
considerably smaller for this rock than for the 
dioritic contaminated rock or the quartz mon- 
zonite porphyry, indicating that there is less 
sodium in the potassium feldspar and pyroxene. 
This syenitic rock also contains considerably 
less SiOz and more CaO and K;,O than does the 
less contaminated quartz monzonite porphyry. 
It is neither as desilicated nor as enriched in 
CaO, MgO, and total iron as the dioritic con- 
taminated rock, but it contains a great deal 
more K,0. 

An extreme effect of potassium enrichment 
associated with the contamination of the quartz 
monzonite porphyry magma by carbonate rocks 
is a kalisyenitic rock such as that shown in 
Plate 7, figure 1 and represented by analysis 18, 
Table 6. This rock is uncommon at Crestmore, 
having been found on the surface only between 
stations J and M in the Commercial Quarry. It 
occurs as small stringers in monticellite-rich 
rocks that are surrounded by light-colored 
sheaths of dense fine-grained diopside-grossu- 


larite-wollastonite rock, some of which are 
thicker than the stringers themselves. Most of 
the feldspar in this rock is microcline, but some 
of the grains are untwinned and have the very 
small optic angles suggestive of sanidine. 

Although most of the schistose rocks that 
already have been described appear to be 
metamorphosed dioritic contaminated rock, the 
mass above station K, Plate 10, is believed to 
have been kalisyenite originally. All the plagio- 
clase in this rock that is reported in analysis 21, 
Table 6, occurs in perthitic intergrowths with 
untwinned potassium feldspar and _ indicates 
that the original feldspar was intermediate in 
composition. However, the relatively calcic 
nature of the plagioclase (sodic andesine) sug. 
gests that perhaps some calcium was introduced 
during metamorphism and accompanying ex- 
solution. 

A common feature of the syenitic rocks that 
might be connected with the phenomenon of 
potassium enrichment is the occurrence of two 
types of potassium feldspar. One type, which is 
relatively coarse-grained and commonly occurs 
as phenocrysts (Pl. 7, figs. 4 and 6), has the 
optical properties of sanidine, whereas the other 
type, which commonly is fine-grained and inter- 
stitial to the other minerals, appears to be 
orthoclase. The latter type also forms small 
veinlets along intergranular boundaries, as in 
Plate 7, figure 2, and graphic intergrowths with 
wollastonite as in Plate 5, figure 1. These fea- 
tures suggest that the two types of potassium 
feldspar also represent two stages of formation, 
an earlier coarse-grained sanidine stage and a 
later interstitial orthoclase stage. 

Wollastonite also occurs in the stringers of 
kalisyenitic contaminated rock, such as that 
represented by analysis 18, Table 6, and shown 
in Plate 7, figure 1, but it does not form graphic 
intergrowths with the potassium feldspar in 
them. This feature is compatible with the 
interpretation that the potassium feldspar in 
these rocks is equivalent to the earlier sanidine 
stage in the rocks that contain two potassium- 
rich feldspars, whereas the potassium feldspar 
in the graphic intergrowths is equivalent to the 
later orthoclase stage. 

Although the contaminated rocks at Crest- 
more have more than one mode of occurrence, 
they provide much information about the rela- 
tionships of metasomatism to intrusion, of 
metasomatism to assimilative reaction, and ol 
assimilative reaction to the development o 
rocks with alkaline affinities. The dioritic con- 
taminated rocks occur generally as small 
stringers and pipelike bodies in garnet-rich 
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contact rock, as above station C, Plate 10. 
These stringers are so abundant near the sum- 
nit of Sky Blue Hill, above the face of the Com- 
mercial Quarry, that the entire mass has been 
mapped as undifferentiated “garnet rock— 
contaminated rock mixture.” The dioritic con- 
taminated rocks have produced slight, if any, 
contact-metamorphic effects on the garnet-rich 
wall rocks, but the stringers that penetrate 
jdocrase- or monticellite-rich rock commonly 
are surrounded by several centimeters of light- 
colored diopside-wollastonite-grossularite rock. 
These features strongly suggest that the 
stringers were injected into an already formed 
contact aureole. Moreover, the occurrence of 
many relatively small, somewhat metamor- 
phosed inclusions of this rock within larger 
bodies of syenitic contaminated rock indicates 
that the dioritic rocks represent relatively early 
phases of the quartz monzonite porphyry in- 
trusive mass. 

In fact, the dioritic contaminated rocks ap- 
pear to be the initial crystallized product that 
resulted from the assimilation of marble by the 
quartz monzonite porphyry magma, and the 
syenitic contaminated rocks may be the prod- 
uct of crystallization of the residual magma, 
minus some silica, alumina, and iron that were 
lost through metasomatism. That is, the heat 
required for the reactive assimilation of the 
carbonate rocks was obtained largely from the 
heat of crystallization of the minerals with 
which the magma was saturated, minerals that 
produced rocks of syenodioritic to gabbroic 
composition. The addition of calcium and mag- 
nesium increased the proportions of the cafemic 
constituents in the crystallized product and at 
the same time desilicated the magma to an ex- 
tent somewhat greater than their molecular 
equivalence. The residual magma, somewhat 
desilicated and impoverished in the cafemic 
constituents but enriched in potassium, became 
further desilicated through the evolution of 
silica-bearing, carbon dioxide-rich, aqueous 
metasomatizing solutions, and the residuum 
crystallized as rocks of syenitic to kalisyenitic 
composition. 

The syenitic contaminated rocks commonly 
contain angular blocks of garnet-rch contact 
tock or constitute the matrix of a garnet- 
contaminated rock breccia, as in Plate 4, 
figures 1 and 2. The contact between this 
garnet-contaminated rock breccia and the pre- 
dazzites generally is sharp, as shown in Plate 
4, figure 1, and rarely is there as much as 2 cm 
of intervening diopside-wollastonite-grossular- 
ite contact rock. Inasmuch as the contaminated 
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magma produced little, if any, contact zone 
against predazzite, it could not have produced 
the highly metasomatized large blocks of garnet 
rock that occur in contaminated rock adjacent 
to the contact with predazzite. Hence it appears 
that much of the syenitic contaminated rock 
was intruded into already formed contact rock. 
Moreover, several features of the contact rocks 
associated with the quartz monzonite pegma- 
tites clearly indicate that the pegmatites also 
were intruded into an already formed contact 
aureole. Consequently it is concluded that 
large-scale contact metasomatism preceded final 
emplacement of the porphyry intrusive mass 
and related pegmatites. 

Quartz monzonite pegmatites—Pegmatite 
dikes cut the contact rocks, contaminated rocks, 
and marginal parts of the quartz monzonite 
porphyry. They clearly are related to the 
porphyry, for all gradations between the two 
rocks types have been found in a single dike or 
lens. Generally these pegmatitic rocks occur as 
veinlike or dikelike bodies and stringers in the 
contact rocks or along the contact between the 
contact rocks and marble, but many smaller 
masses, either thinly lenticular or ovoid, occur 
within the main bodies of quartz monzonite 
porphyry. The ovoid masses generally are 
somewhat less than 1 foot in diameter, but the 
thinly lenticular bodies range in thickness from 
about one-fourth of an inch to 3 feet or more. 

The pegmatite dikes and lenses that occur 
in the marginal parts of the porphyry have two 
preferred attitudes, the most common of which 
is parallel to a poorly developed set of joints 
that strikes N. 15° W. and dips 50°-80° E. The 
less common preferred attitude of the pegma- 
tites is parallel to a well-developed set of joints 
that strikes N. 30°-45° W. and dips 28°-30° 
northeast. These pegmatite bodies commonly 
grade imperceptibly into the porphyry, al- 
though some of the lenses have sharp contacts. 
Mineralogically they are very similar to the 
parent porphyry, as they contain mainly 
oligoclase-andesine, potassium-rich feldspar 
(perthite), and quartz. In addition, highly 
altered pyroxene crystals up to 2 cm long, or 
brown andradite garnet crystals as much as 1 
cm in diameter, occur in or near the cores of 
some of the ovoid masses. Unlike most of the 
pegmatites associated with the quartz diorite 
country rock, the quartz monzonite pegmatites 
rarely contain schorl or axinite. 

The pegmatites form well-defined dikes that 
commonly cut the rocks of the contact aureole, 
but they rarely penetrate the marbles more 
than a few feet. Those larger dikes that reach 
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the marble contact generally spread out along 
it to form sheetlike bodies, such as below station 
C and near station N, Plate 10. This feature, 
together with the relationship between the dikes 


TABLE 8.—CHEMICAL COMPOSITION OF 
PREHNITE AND “ORTHOCLASE” FROM 
PEGMATITE 


(Weight per cent) 


Constituent 1 2 | a 
| 
ROTC 44.04 | 44.10 | 64.54 
0.03 
24.77 | 24.20} 20.86 
| 26.99 | 25.20 1.86 
0.00 | 1.18 
0.00 11.85 
(total). ......... 4.20 5.86! 0.52 
0.01 | 
| 0.00 | 
100.25 | 99.36 | 100.81 


1. Brown to flesh-colored prehnite from zoned 
pegmatite below station C, Plate 10; W. F. Blake, 
analyst. 

2. “Brown prehnite” from pegmatite; reported 
by Eakle (1917). 

3. “White orthoclase”’ from pegmatite; reported 
by Eakle (1917). 


and the joints in the marginal parts of the 
porphyry, indicates that fractures and zones of 
weakness along the contacts exercised consider- 
able control in the emplacement of the pegma- 
tite bodies. 

The major minerals of the pegmatite dikes 
are essentially the same as in the pegmatite 
bodies within the porphyry, except that locally, 
as north of station B, below station C, and at 
station NV, euhedral andradite garnets as much 
as 2 cm across are important constituents of the 
dikes. Allanite also occurs sparingly as black 
euhedral crystals as much as 2 cm long in the 
more feldspar-rich parts of some zoned pegma- 
tite bodies. 

A subhorizonal lenticular apophysis from a 
large andradite-bearing pegmatite extends into 
garnet-rich contact rock below station C. This 
lens is nearly 20 feet across, as much as 3 feet 
thick, and has a well-defined zonal structure as 


shown in Plate 4, figure 3. The wall zone con. 
sists of coarse-grained oligoclase and micro. 
cline-quartz graphic intergrowths. The next 
zone inward consists mainly of chalky white 
oligoclase and microcline with subordinate 
quartz. The core consists largely of massive 
quartz with minor amounts of wollastonite, in 
blades up to 25 cm long, and crude rhombo- 
hedral crystals of calcite. 

The intermediate zone of chalky white feld- 
spar overlying the core commonly contains 
vuggy masses of brown to flesh-colored prehnite, 
analyses of which are presented in Table 8. The 
small vugs are lined with euhedral crystals of 
prehnite, on which are perched abundant crys- 
tals of quartz and rare datolite and laumontite. 
Larger vugs, some more than a foot across, also 
are common in the white, feldspar-rich inter- 
mediate zone above the core. They generally are 
lined with oligoclase and microcline crystals 
that are as much as 10 cm across, and the 
microcline contains graphic intergrowths of 
quartz. A few greenish epidote crystals up to 
2 cm long are perched on the feldspars, and the 
entire contents of the vugs are coated with a 
thin layer of hyalite opal. 

Perhaps it would appear that the coexistence 
of quartz, calcite, and wollastonite in the core 
of this zoned pegmatite, which presumably 
crystallized under essentially closed-system con- 
ditions, should provide an indication of the con- 
ditions of crystallization. However, inasmuch as 
neither the partial pressure of CO: nor of H,0 
at the time of crystallization is known, only an 
approximate lower-temperature limit can be 
established. A lower limit of about 400°C. for 
the crystallization of the core assemblage is 
based on P-T relations of the reaction: xonot- 


lite = wollastonite + water, as determined by © 
D. A. Buckner (1955, unpub. MS thesis, The © 
Pennsylvania State University) and by the | 


writer. 


quartz rock in garnet-rich contact rock are 
common on the upper face of the Commercial 
Quarry between stations E and F, Plate 10. 


Near station E they consist mainly of quartz, | 
oligoclase, microcline, and epidote, but north- | 


ward away from the contact with contaminated 
porphyry the ratio of calcite to quartz increases. 
Thus near station F the veinlets consist largely 
of coarsely crystalline greenish-gray calcite that 
encloses large euhedral crystals of epidote and 
smaller euhedral crystals of oligoclase along the 
walls. The calcite-rich veinlets commonly pene- 


7 
Scattered patches and veinlike masses of 
pegmatitic epidote-microcline-oligoclase-calcite- | 


trate 

2m 

to th 

rich 

grail 

the : 

of th 

gene 

laste 

dista 

abse 

tact: 

lowe 

of C 

tites 

both 

sure 

to, a 

stati 

cont 

Sout 

mat 

of 1 

cont 

cline 

less 

laste 

the 

micr 

Ge 

mets 

mon 

whe 

bene 

Hill. 

sepa 

or 

woll 

mar! 

zoni 

_ defir 

blag 

Cres 

Fost 

mine 

: mon 

cont 
4 


es of 


alcite- 


k are 
ercial 
te 10. 
uartz, 


rorth- | 


nated 
eases. 
irgely 
that 
e and 
ig the 


pene- 


PETROLOGY 


trate well into idocrase-zone rocks, and locally 
2om or more of the idocrase wall rocks adjacent 
to the veinlets has been converted into epidote- 
rich rocks. Except for their coarse and variable 
grain size, these rocks bear little resemblance to 
the average quartz monzonite pegmatites, but 
they very closely resemble the quartz-rich cores 
of the larger, zoned pegmatites. However, they 
generally contain more epidote and less wol- 
lastonite than the cores, especially at greater 
distances from the porphyry contact. The 
absence of wollastonite from quartz-calcite con- 
tacts in many of these veinlets indicates either 
lower temperatures or higher partial pressures 
of CO, than in the cores of the zoned pegma- 
tites. The field evidence indicates that perhaps 
both lower temperatures and higher CO, pres- 
sures prevailed in the veinlets at greater dis- 
tances from the porphyry contact. 

An andradite-bearing pegmatite very similar 
to, and perhaps contiguous with the one below 
station C, occurs below station N along the 
contact between idocrase-rich rock and marble. 
Southeastward along the quarry face this peg- 
matite thins to a discontinuous sheet or mesh 
of microcline and bladed wollastonite. The 
contact zone between this wollastonite-micro- 
cline pegmatite and marble generally is 1 cm or 
less in thickness and consists of diopside, wol- 
lastonite, and grossularite. Locally, however, 
the rocks are in knife-sharp contact, and 
microcline crystals are embedded in calcite. 


Contact Rocks 


General statement.—An aureole of contact- 
metamorphic rocks that ranges from 1 inch to 
30 feet in thickness surrounds the quartz 
monzonite porphyry and related igneous rocks 
where they have invaded the Sky Blue marble 
beneath the Commercial Quarry and Sky Blue 
Hill. The thinner parts of the aureole generally 
separate the marbles from contaminated rock 
or pegmatite and consist largely of diopside, 
wollastonite, and grossularite. The thicker parts 
of the aureole, however, generally separate the 
marbles from the main masses of quartz mon- 
zonite porphyry and commonly exhibit a well- 
defined zonal arrangement of mineral assem- 
blages, as shown in Figure 3. 

A mineral zoning in the contact aureole at 
Crestmore was first suggested by Larsen and 
Foshag (1921) in their description of the new 
mineral merwinite, which occurs associated with 
monticellite, spurrite, melilite, spinel, and ido- 
crase a considerable distance from the intrusive 
contact, bevond the “garnet zone.” Also, 
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Woodford et al. (1941) described a “local 
zoning” on the south wall of the Wet Weather 
Quarry where blue marble is backed by brown 
monticellite rock, whiclrin turn is backed by an 
idocrase-diopside zone. However, there was 
some uncertainty connected with these obser- 
vations, and little importance was attached to 
them. Thus, although a faint suggestion of local 
zoning has been recognized previously, it was 
not until a vast amount of subsurface data 
from diamond-drill cores (Pl. 1) was combined 
with detailed surface mapping (PI. 10) that a 
general zonal distribution of mineral assem- 
blages within the contact aureole was detected. 
The recognition of this general zonation and the 
understanding in part of its nature and origin 
are regarded as the major contributions of this 
work. 

The mineral zones of the contact aureole, as 
shown in Figure 3, are arranged in the follow- 
ing manner outward from the contact with the 
quartz monzonite porphyry intrusive mass: 
(1) a garnet zone that is composed chiefly of 
brown grossularite and lesser amounts of wol- 
lastonite and diopside; (2) an idocrase zone 
that is characterized by only one mineral, ido- 
crase; and (3) a monticellite zone in which 
monticellite is the most abundant mineral, but 
in which there are variable amounts of clino- 
humite, cuspidine, ellestadite, forsterite, meli- 
lite, merwinite, perovskite, spinel, spurrite, 
tilleyite, and xanthophyllite. Outside the 
monticellite zone lie the nearly silica-free un- 
metasomatized marbles. However, locally 
within a few feet of the monticellite-zone 
contact the marbles have been secondarily re- 
crystallized and colored blue as a consequence 
of the contact metasomatism. Perhaps these 
blue marbles should be considered as constitut- 
ing a fourth zone in the contact aureole, al- 
though no new mineral assemblages have 
formed in them. 

In addition to the aureole that surrounds the 
quartz monzonite porphyry in the Sky Blue 
marble there are large masses of contact rock 
that have been partially enveloped by the 
porphyry and its contaminated derivatives. 
Most of these masses form a complex inter- 
connected network and consist entirely of the 
garnet-zone assemblage (diopside, wollastonite, 
and grossularite), but the central parts of some 
of the larger masses contain abundant idocrase. 

An accurate estimate of the total amount of 
contact rock that was produced by replacement 
of the Sky Blue marble as a result of intrusion 
of the quartz monzonite porphyry magma is 
difficult to make, owing to the irregular shapes 
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and distribution of the remnants within the in- 
trusive mass; also the extent of erosion is un- 
known. However, a comparison of the relative 
amounts of these rocks indicates that the total 
yolume of quartz monzonite porphyry and re- 
ated igneous rocks is about ten times that of 
the contact rocks. This estimate, together with 
another that there is somewhat more con- 
taminated rock than uncontaminated quartz 
monzonite porphyry, indicates that essentially 
all the silica in the contact aureole could have 
been obtained by desilication of the original 
quartz monzonite porphyry magma as a conse- 
quence of the assimilation of marble. 

In succeeding parts of this section each of the 
three zones of the contact aureole will be de- 
sribed in detail, beginning with the outermost 
(monticellite) zone and proceeding inward 
through the idocrase and garnet zones to the 
contact with igneous rocks. This sequence of 
discussion is adopted because the available 
evidence indicates that it is essentially the time 
sequence of formation of the mineral assem- 
blages which are characteristic of each zone. 
This is not intended to imply, however, that 
the present monticellite-zone rocks formed be- 
fore the idocrase- and garnet-zone rocks, or 
that there is no overlap of the zones. On the 
contrary, it is probable that some of the rocks 
of all three zones formed contemporaneously, 
but it appears that idocrase-zone rocks formed 
largely from pre-existing monticellite-zone as- 
semblages, and garnet-zone rocks formed from 
idocrase-zone assemblages. Moreover, there is 
considerable overlap of the zones within the 
aureole, although it is largely a unidirectional 
overlap. That is, idocrase and even some of the 
minerals that are characteristic of the garnet 
zne commonly occur in the outer part of the 
monticellite zone, but idocrase rarely, and 
monticellite-zone minerals never, have been 
found in the inner part of the garnet zone. 

The overlap of mineral assemblages that are 
characteristic of each zone produces a gradation 
between zones and makes the definition of 
inter-zone boundaries somewhat arbitrary. 
Hence, the boundaries between one zone and 
another are here defined and mapped (PI. 10) 
as those surfaces within which the character- 
tic minerals of each of the two zones occur in 
approximately equal proportions. This applies 
only to the zones within the aureole, however, 
as the boundary between the marbles and the 
contact aureole occurs where silicate-bearing 
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assemblages, generally with excess calcite, re- 
place the brucite-calcite assemblage. 

The mineralogical differences from zone to 
zone are accompanied~by corresponding differ- 
ences in chemical composition, as shown by a 
comparison of the first analyses in Tables 9, 10, 
and 11.1 The general relationships among the 
major components in each of the zones, as 
shown in these tables, are essentially as deduced 
previously (Burnham, 1954) on the basis of the 
chemical composition of the characteristic 
minerals in each zone. That is, the atomic ratio 
of the major metasomatic constituent (Si) to 
the indigenous constituents (Ca + Mg) in 
monticellite and several other monticellite-zone 
minerals is nearly 1:2, whereas in idocrase it is 
1:1.5, and in the three garnet-zone minerals it 
is 1:1. However, the chemical analyses provide 
a much firmer basis on which to establish these 
relationships and also permit a quantitative 
comparison of other important constituents, 
such as aluminum and iron. These comparative 
relationships will be discussed more fully follow- 
ing the detailed descriptions of the zones. 

Monticellite zone.—The rocks of the monticel- 
lite zone may be grouped according to the 
relative abundance in them of each of the major 
characteristic minerals. These groups may then 
be arranged into a sequence that corresponds 
approximately to the sequence in which they 
are encountered upon proceeding inward 
through the zone toward the intrusive rocks. 
This also appears to correspond approximately 
to the sequence of their formation, as inter- 
preted from textural relationships. No evidence 
has been found that would indicate reversals in 
the sequence, although locally some of the in- 
termediate steps appear to have been bypassed 
in the formation of a given assemblage. 

The sequence begins with calcite-rich assem- 
blages in contact with marbles and proceeds 
through clinohumite-forsterite?, monticellite, 
melilite, spurrite, tilleyite, and cuspidine to 
merwinite-rich assemblages. Merwinite-rich 


1The composite samples represented by these 
analyses are petrographically representative of the 
respective zones and were prepared by splitting and 
“quartering” all the diamond-drill core (AX size) 
from contact to contact in each zone as it was en- 
countered in the drill hole. Core recovery was 
greater than 95 per cent for all samples. 

2? Both clinohumite and forsterite have been 
identified in these rocks by optical and X-ray meth- 
ods, but it has not been practicable to distinguish 
between them in every thin section. 
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; (b) Merwinite as reported by Neuvonen (1952)—H. B. Wiik, analyst. 
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rocks, in turn, grade inward into idocrase-rich 
necks of the idocrase zone. Although monticel- 
ite is the most abundant and widespread min- 
eal in this zone, locally it is less abundant than 


Taste 10.—CHEMICAL COMPOSITION OF 
IpocRASE-ZONE RocKs AND MINERALS 


(Weight per cent) 


Constituent | 1 | 2 | 3 4 
| 
SiO» 39.68 41.70 | 37.41 | 9.62 
TiO. 0.48 0.54) ..* | 
ALO: 9.49 | 9.67 | 17.89 
3.19 | 4.14 | 3.16 
FeO 11.141 0.78| 0.47] .. 
MnO 0.07 | 0.10} 1.52 | 0.77 
MgO 6.77 | 3.01| 4.80] .. 
CaO 34.49 38.00 | 33.78 | 54.44 
Na,O 0.09 | 0.001 0.35 
K.0 0.00 | 0.00 
P.0s 0.15 | 0.17] .. | 20.85 
H,O+ 1.05 | 0.90| 0.62) tr 
H.O- 0.01 | 0.03 tr 
CO, 2.85 | 0.84 2.10 
0.05 | 0.03 
$0; 0.00 | 0.00 12.28 
F 0.02 | 0.03 
Cl 0.00 | 0.00 
BaO 0.00 | 0.00 
..|99.53 99.94 |100.00 100.06 
ss 0 for S and F .| 0.02 | 0.02 | 
99.51 99.92 | 
| 


*Constituent not reported. 

1. Composite sample of drill core that is petro- 
| gaphically representative of the idocrase zone— 
1B. Wiik, analyst (DDH 208, 65-116 feet). 

2. Composite sample of drill core which repre- 
sents the idocrase-rich rocks that are contiguous 
upward with monticellite-zone rocks represented by 
analysis 3, Table 9, and downward with garnet- 
wne rocks represented by analysis 2, Table 11— 
H. B. Wiik, analyst (DDH 230, 240-26314 feet). 
3. Green idocrase reported by Eakle (1917). 
Recalculated disregarding 1.06 per cent CuO in 
orginal analysis—J. B. Wright, analyst. 

4. Pink wilkeite reported by Eakle (1914). 


alcite or other minerals of the sequence, and 
rarely it is absent. Calcite also is widespread, 
both in residual masses and secondary veinlets, 
throughout all the zones of the contact aureole. 
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The contacts between monticellite-zone rocks 
and the coarsely recrystallized marbles gener- 
ally are very sharp (PI. 5, fig. 2). On one side 
of this contact is the assemblage calcite-brucite, 
with minor spinel and rare ellestadite; on the 
other side is the assemblage calcite-clinohumite 
(plus some forsterite) -monticellite-spinel, with 
minor ellestadite and rare perovskite very near 
the contact. The clinohumite and forsterite in 
this example are confined to a zone about 1 cm 
or less in thickness adjacent to the contact. In 
other places these two minerals comprise zones 
that are several centimeters thick, but in all 
known occurrences they separate the brucite 
marbles from monticellite-rich rocks. 

The abrupt disappearance of brucite at the 
contact with monticellite-zone rocks is ac- 
companied by an equally abrupt change in the 
nature of the calcite. The calcite associated with 
brucite generally is “dusty” with microscopic 
inclusions and is highly deformed adjacent to 
the brucite grains, whereas the calcite associ- 
ated with silicates on the other side of the 
contact generally is clear and undeformed. The 
contact between these two types of calcite in 
Plate 5, figure 2, is readily traced microscopi- 
cally and coincides with the contact between 
brucite- and clinohumite-bearing rocks. The 
coincidence of these contacts suggests a causal 
relationship between the secondary recrystalli- 
zation of the calcite and the conversion of 
brucite to clinohumite (also forsterite and 
monticellite), but which is cause and which is 
effect is uncertain. Perhaps the water released 
in the conversion of brucite to a silicate plays 
an important role in this connection. 

Inasmuch as the Sky Blue marble is essenti- 
ally free of silica (Table 1), the contact between 
the monticellite-zone rocks and the marble 
represents the limit of silica metasomatism asso- 
ciated with the intrusion of the quartz mon- 
zonite porphyry magma. This also generally is 
the limit of alumina and iron metasomatism, 
although locally spinel and magnetite extend 
several centimeters beyond the silicate contact 
into the predazzites. Scattered crystals of 
ellestadite, which contain about 17 per cent 
SiOz (analysis 6, Table 9), also locally extend a 
few centimeters into brucite-bearing marbles, 
but most occurrences of this mineral are in the 
more calcite-rich parts of the monticellite zone. 

The lack of silica in the Sky Blue marble and 
the spatial distribution of clinohumite-forsterite 
clearly indicate that one of the first reactions to 
occur upon the metasomatic introduction of 
SiO, into the predazzites was as follows: 


= 
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9Mg(OH)2 + 4Si0, — brucite now in the predazzites formed fron 


4Mg,SiO,-Mg(OH)2 + 8 H:0. (1)*  periclase subsequent to the metamorphism as 
9 brucite + 4 silica — sociated with the quartz monzonite porphyry 
1 clinohumite + 8 water. However, there is no petrographic evidence t, 


TaBLE 11.—CHEMICAL CoMmPOsITION OF GARNET-ZONE Rocks AND MINERALS 


(Weight per cent) 


| 
| | 
Constituent 1 2 3 5 
a b 
| 

SiO» 42.89 41.91 35.77 51.77 50.42 | 56.50 

TiO, 0.52 0.50 

ALO; 10.07 10.02 21.30 0.12 

Fe.0s 8.14 5.28 3.98 2.12 0.51 0.23 

FeO 1.82 0.75 0.60 0.00 

MnO 0.22 0.11 

MgO 2.43 3.67 0.78 | 0.60 | 17.80 

CaO | 32.39 36.28 36.30 44.85 | 48.29 25.56 

Na,O 0.24 0.00 0.20 |) 

K,0 | 0.13 0.00 | 

P.Os 0.11 0.13 | 

H,0+ 0.57 0.80 | 1.23 0.58 

| 0.04 0.00 | 1.02 | 0.07 0.22 

CO, 0.80 0.36 | | {loss on ign. | loss on ign. & 

| 0.04 0.04 | | 

SO; 0.00 0.00 | || 

F 0.02 0.02 | 

cl 0.00 0.00 | J 

BaO 0.00 0.00 | | | 
ans 100.43 | 99.87 | 100.16 | 99.76 | 99.89 101.01 
Less O for S and F. 0.02 | 0.02 | 

| 


100.41 | 99.85 


* Constituent not reported in published analysis. 

1. Composite sample of diamond-drill core that is petrographically representative of the garnet-zone 
rocks—H. B. Wiik, analyst (DDH 228, 230-251 feet). 

2. Composite sample of diamond-drill core that is contiguous upward with rock represented by analy- 
sis 2. Table 10—H. B. Wiik, analyst (DDH 230, 263!4-276 feet). Sample is atypical of garnet-zone rock, 
owing to abnormally high wollastonite content. 

3. Massive cinnamon-colored garnet as reported by Eakle (1917)—J. B. Wright, analyst. 

4. (a) Granular white wollastonite as reported by Eakle (1917); (b) Clear crystals of wollastonite a 
reported by Eakle (1917). 

5. Pale-green diopside from idocrase-rich rock as reported by Merriam and Laudermilk (1936). The 
diopside in garnet-rich rocks is darker green and presumably contains more iron. 


Possibly this reaction was preceded by the de- indicate that the reacting mineral was periclas 
hydration of the brucite to periclase or the instead of brucite. Moreover, the nature of the 

3 Virtually all the SiO. that is involved in this Clinohumite and other humite-group minerals 
and later reactions is of metasomatic origin, as the which consist structurally of brucite inter 
Sky Blue marble contains less than 0.2 per cent  Jayered with forsterite, indicates that they att 
SiO» (Table 1). Also, the irreversible nature of this more closely related stability-wise to brucite 


and later reactions is discussed in the section on : : ‘ h 
the origin of the contact rocks. than to periclase. It also is possible that othe 
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nore silica-poor members of the humite group, 
wch as chondrodite, formed as intermediate 
eps in reaction (1), although only clinohum- 
itehas been positively identified. 

The very limited extent of the clinohumite 
gecurrences indicates that its compositional 
gability field under the prevailing P-T condi- 
tims was very small and its formation was 
jollowed closely by the reaction: 
14MgsSiO,- Mg(OH)2] + SiO. 


?cinohumite + 1 silica 
9 forsterite + 2 water. 


(2) 


Actually, the clinohumite reaction probably 
vas bypassed in many places, and forsterite 
jormed directly from brucite or periclase, 
shichever was stable under the prevailing P-T 
conditions. However, forsterite itself is nar- 
rowly restricted in its occurrence at Crestmore, 
as shown in Plate 5, figure 2, and generally 
gives way within a few centimeters of the 
contact to monticellite-rich assemblages. This 
feature and the occurrence of monticellite 
cystals with forsteritic cores strongly suggest 
that much of the monticellite formed according 
to the following reaction: 


MgSiO0, + 2CaCO; + SiO. 
2CaMgSiO,; + 2CO, 
| forsterite + 2 calcite + 1 silica — 
2 monticellite + 2 carbon dioxide. 


(3) 


This reaction is the first to involve calcite and 
hence is the first to represent a decarbonation, 


_ although all three reactions involve silica in 
progressively increasing amounts. 


Neither serpentine, talc, tremolite, diopside, 
tor wollastonite were formed near the contact 
with the marbles. The absence of these minerals 
indicates that temperatures somewhat greater 
than 400°C. were reached at this distance from 
the intrusive contacts prior to the introduction 
of the silica. It also indicates a deficiency in 
silica throughout, for all these minerals except 
serpentine should have formed even at much 
higher temperatures if enough silica has been 
present. 

It might be expected from the foregoing that 
the continued metasomatic introduction of silica 
in excess of the amount required to fix all the 
magnesium in monticellite would result in the 
lormation of one of these more silica-rich 
minerals such as diopside or wollastonite. How- 
ever, diopside and wollastonite are uncommon 

‘The “Mineral O” of Woodford, et al. (1941) and 


the “chondrodite” of Burnham (1954) have been 
identified as clinohumite by X-rays. 


905 


in the outer part of the monticellite zone, 
whereas spurrite is abundant. Moreover, spur- 
rite commonly forms rims around and inter- 
growths in monticellite>as shown in Plate 8, 
figure 5, indicating that the next step in the 
sequence involves the following reaction: 


5CaCO; + 2SiO. 
2Ca2SiO,- CaCO; + 4COr. 
5 calcite + 2 silica — 
1 spurrite + 4 carbon dioxide. 


(4) 


Although this reaction appears to follow that 
for the formation of monticellite in the silica- 
metasomatized magnesian marbles, the occur- 
rence of spurrite-rich rock directly in contact 
with calcite marbles indicates that it is one of 
the first reactions involving silica to occur in 
the magnesium-free marbles. Occurrences of 
this type are not as common as would be ex- 
pected from the amount of magnesium-free Sky 
Blue marble, owing to the extensive metaso- 
matic introduction of magnesia into the monti- 
cellite-zone rocks (cf. analysis 1, Table 9, with 
analysis 1, Table 1). 

Locally the more calcite-poor, spurrite-rich 
rocks of the monticellite zone contain abundant 
tilleyite. Its mode of occurrence is very similar 
to that of spurrite, with which it is generally 
associated, although it ordinarily does not 
extend as far outward toward the contact with 
marble as does spurrite. It also forms vermicu- 
lar intergrowths with monticellite that resemble 
the spurrite-monticellite intergrowths in Plate 
8, figure 5, but rims of tilleyite around monti- 
cellite have not been found. The available 
evidence indicates that tilleyite could have 
formed in two ways, either directly from calcite 
and silica as in the spurrite reaction (4) or from 
spurrite as follows: 


2Ca2Si0,- CaCO; + = CasSixO;-2CaCO;. (5) 


1 spurrite + 1 carbon dioxide = 1 tilleyite. 


Which of the two reactions was more important 
in a given place depends largely upon the CO, 
pressure and the availability of spurrite. The 
almost ubiquitous association of tilleyite with 
spurrite suggests that reaction (5) generally 
was important. 

The textural evidence leaves some doubt as 
to whether the next step in the sequence in- 
volves the formation of cuspidine or merwinite, 
but this may be in part a reflection of the fact 
that although cuspidine is widespread at Crest- 
more, it is not a major constituent in any of 
the assemblages studied. The occurrence of 
cuspidine poikiloblastically enclosing both 


|_| 
ed fron 
hism as 
orphyry 
dence 

" | 
56.50 
0.12 
0.23 
0.00 
17.80 
25.56 
4 
0.58 
0.22 | 
0.00 

| 


spurrite and tilleyite suggests that much of it 
might have formed at the expense of these 
minerals as follows: 


4(2Ca2SiO,-CaCO;) + 2Si02 + — 
5Ca,SizO;(OH)2 + 4COx, 
4 spurrite + 2 silica + 5 water — 
5 cuspidine + 4 carbon dioxide, 


(6a) 


or 


4(Ca3SizO;-2CaCO;) + 2Si02 + 5H,0 — 
5Ca,4Siz0;(OH)2 + 
4 tilleyite + 2 silica + 5 water — 
5 cuspidine + 8 carbon dioxide. 


(6b) 


The inner parts of the monticellite zone 
commonly consist of assemblages in which mer- 
winite is the chief mineral. Generally the mer- 
winite forms vermicular or subgraphic inter- 
growths in monticellite as in Plate 8, figure 1, 
granular aggregates as in Plate 8, figure 3, or 
irregular grains that appear to have partly re- 
placed monticellite-spurrite intergrowths as in 
Plate 8, figure 5. It also forms vermicular inter- 
growths with cuspidine as in Plate 8, figure 3, 
but this occurrence appears to be relatively un- 
common. Ovoid crystals of melilite such as 
those in Plate 8, figure 5 are abundant in the 
merwinite-rich rocks as are poikiloblastic 
crystals of idocrase. 

The textural features shown in Plate 8, 
figure 5 are of especial interest for the informa- 
tion they provide on the paragenetic relation- 
ships among certain minerals in the monticellite 
zone. For example, in the lower left part of this 
photomicrograph, there is a large crystal of 
monticellite that encloses a subgraphic inter- 
growth of spurrite and a _polysynthetically 
twinned crystal of merwinite. The merwinite is 
everywhere separated from calcite by monticel- 
lite or the monticellite-spurrite intergrowth, and 
the monticellite is in turn separated from calcite 
by a thin rim of spurrite. Similar relationships 
are exhibited by the tropical fishlike feature in 
the upper right part of the photomicrograph. 
The “eye” of this fish possesses a “pupil” of 
calcite, a “cornea” of spurrite, and a “white” 
of monticellite-spurrite intergrowth. The 
“body” of the fish consists of merwinite sur- 
rounded by monticellite; and along the under- 
side a thin rim of spurrite separates the monti- 
cellite from calcite. These features, which are 
common in the merwinite-rich rocks, suggest 
that the merwinite is in reaction relationship 
to the monticellite-spurrite intergrowths as 
follows: 
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5CaMgSiO, + 2(2Ca2Si0O,-CaCO;) + Sid, 
5CasMg(SiOs)2 + 2CO». (7a) 
5 monticellite + 2 spurrite + 1 silica + 
5 merwinite + 2 carbon dioxide. 


However, merwinite can also form from the 
monticellite-spurrite mixtures without addi. 
tional silica, although excess silica probably 
would promote its formation at low C0, 
pressures; thus: 


2CaMgSiO, + 2Ca,SiO,-CaCO; = 
2CasMg(SiO,)2 + CaCO. (7b) 
2 monticellite + 1 spurrite = 
2 merwinite + 1 calcite. 


The formation of merwinite-bearing assem. 
blages completes the sequence in which silica 
the only metasomatic constituent involved, 
However, as a comparison of the first analyse 
in Tables 1 and 9 reveals, alumina, iron, and 
magnesia also are important metasomatic con- 
stituents and must be considered in any com- 
prehensive discussion of the monticellite-zone 
rocks.* They complicate the somewhat over- 
simplified picture that has just been presented, 
although the complications are not numerous 
for the following reasons: (1) magnesium that 
was introduced metasomatically tends merdy 
to enhance the effects of the indigenous mag- 
nesium, (2) ferrous iron closely resembles mag- 
nesium in its effects, and (3) ferric iron closely 


resembles aluminum. Consequently, as a meta: 


some, alumina is second only to silica in the 
importance of its effects on the mineral assem- 
blages in the contact aureole at Crestmore. 

Monticellite-zone minerals that contain alu- 
minum (also ferric iron) as an essential com- 
ponent are not readily arranged into a sequence 
as are the aluminum-free silicates, although 
they exhibit a very well-defined zonal distribu 
tion in the contact aureole as a whole. The 
only suggestion of zoning within the monticel- 
lite zone, however, is provided by the distribu- 
tion of spinel (and magnetite) with respect to 
the aluminosilicates melilite and xanthophyl 
lite. 

Spinel is most common in the outer part 0 
the monticellite zone, where it is associated 
with forsterite or monticellite in calcite-rich 
rock, as in Plate 8, figure 6. It also occurs D 
the predazzites several centimeters beyond the 
monticellite-zone contact and indicates thal 


5 Perhaps H:O and CO; also should be considereg 
as metasomes, but inasmuch as their effects att 
discussed in a later section they are excluded from 
the immediate discussion. 
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locally some alumina was transported beyond 
Or. (7a) the limits of silica metasomatism. Spinel- 
bearing assemblages extend well into the monti- 
i. clite zone, but spinel is rare in the merwinite- 
rich inner part. The mode of occurrence of the 
spinel and the absence of features which would 
orobably | indicate that it had formed from a pre-existing 
) aluminum-rich mineral suggest that much of 
the spinel formed as follows: 


Mg(OH)2 + = 
Os. (7h) MgAl,O, + H20, (8a)® 
{brucite + 1 alumina @ 

1 spinel + 1 water, 


te. 

assem. 

Silica is MgO + Al,O; = MgAlO,. (8b) 
nvolved, 1 periclase + 1 alumina = 1 spinel. 


analyses Ff The rare brittle mica xanthophyllite com- 
‘On, ald occurs as bright-green tabular crystals 
LIC Con very near the contact between the predazzite 
ny Com- | ..4 monticellite zone, in rock very similar to 
ite-zone } ist shown in Plate 8, figure 6, but in place of 
at Over: Tite spinel. It also occurs throughout the monti- 
esented, | ite zone and in the outer part of the idocrase 
AMETOUS F one, but in these occurrences it is colorless and 
um that J sterstitial to the other silicates as in Plate 8, 
figures 2 and 4. Generally spinel is absent from 
us mag F ocks that contain xanthophyllite, and the 
€s mag: F occurrence of residual spinel cores in some of 


Closely ihe tabular xanthophyllite crystals suggests 
eed that the latter mineral has formed in part at 


the expense of spinel, perhaps according to the 


assem | reaction : 


ain al-| 2MgAl,O, + CaCO; + SiO. + H,O0 — 


al com-} Ca(MgeAl) + CO, (9) 
equence| 2sinel + 1 calcite + 1 silica + 1 water 
Ithough}+ 1 xanthophyllite + 1 carbon dioxide. 


istribuf Melilite, which according to its optical prop- 
le. The erties consists of about 60 per cent gehlenite and 
ontice! 4) per cent akermanite, is an abundant mineral 
istribu-} in the monticellite zone and commonly is 
pect tf associated with xanthophyllite, as in Plate 8, 
hophyl: figure 4. It also occurs in the monticellite-bear- 
ing, calcite-rich outer part of the monticellite 
part Of zone, as in Plate 8, figure 6, where it is easily 
sociated mistaken for monticellite owing to similarities in 
ite-rich aystal habit and birefringence. The paragenetic 
curs Uf relationships between melilite and the other 
ond thf tvo aluminous minerals are not clear; nor are 
2S that they clear between melilite and monticellite, 
although the occurrence of poikiloblastic crys- 


ects atts ‘A comparison of Tables 1 and 9 indicates that 
ed frons, ”) per cent or more of the aluminum in the monti- 
ctllite-zone minerals is of metasomatic origin. 


tals of melilite enclosing monticellite crystals, 
as in Plate 8, figure 4, suggests that it is in part 
later than monticellite. However, the common 
occurrence of thin “rims” of spurrite that are 
molded to melilite grains, as in Plate 9, figure 5, 
strongly suggests that melilite preceded the 
spurrite. Moreover, the occurrence of oriented 
rods of merwinite in melilite in Plate 9, figure 3, 
leaves little doubt that melilite was the host. 
Thus it appears that much of the melilite 
formed after monticellite and before spurrite 
or merwinite, but apparently not at the expense 
of the monticellite. Consequently it is suggested 
that it formed mainly from calcite and meta- 
somatically introduced silica, alumina, and 
perhaps magnesia as follows: 


10CaCO; + 2MgO + 3Al,0; 
+ 7SiO. — 
+ 10CO, (10) 
10 calcite + 2 magnesia + 3 alumina 
+ 7 silica — 3 melilite (GegoAk«o) 
+ 10 carbon dioxide. 


Actually, whether melilite or spurrite (or tilley- 
ite) formed at this stage probably would de- 
pend largely upon the availability of alumina in 
the metasomatizing fluids. 

A comparison of the first analyses in Tables 1 
and 9 clearly reveals that at least half the mag- 
nesium in the monticellite-zone rocks has been 
introduced metasomatically. This introduction, 
as mentioned previously, has enhanced the 
effects of the magnesium already in the rocks by 
increasing the proportions of magnesium-bear- 
ing minerals. It also has resulted in the forma- 
tion of magnesium-bearing minerals such as 
melilite and merwinite in rocks that originally 
were magnesium-free calcite marbles and has 
therby tended to obscure the original inter- 
bedded nature of the predazzites and calcite 
marbles. Locally magnesia metasomatism has 
been so intense that the original predazzites 
have been converted to a calcite-poor spinel- 
forsterite rock. The formation of this rock 
clearly represents a gross removal of calcium as 
well as an introduction of magnesium. 

Very few textural relationships provide con- 
clusive evidence for a paragenetic sequence of 
minerals, but the repeated occurrence of fea- 
tures that indicate a certain paragenetic rela- 
tionship and the absence of contradictory 
indications are at least highly suggestive. Thus, 
although the sequence that has been presented 
is based largely on inconclusive evidence, it is 
wholly consistent with all the known facts, 
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especially the sequential changes in chemical 
composition of the rocks. 

However, certain discrepancies exist between 
the paragenetic relationships described here and 
those described by Dunham (1933) that were 
based on samples obtained from the Wet 
Weather Quarry. Dunham (p. 474) lists the 
following four pairs of minerals as occurring in 
intergrowths: wollastonite-tilleyite, wollaston- 
ite-gehlenite, wollastonite-vesuvianite, and mer- 
winite-grossularite. The second mineral in each 
pair was presumed to have formed subsequent to 
the first. Although no satisfactory explanation 
for this discrepancy is forthcoming, intergrowths 
between these mineral pairs of the type Dunham 
describes have not been observed in the detailed 
examination of more than 100 thin sections of 
Crestmore contact rocks. On the other hand, 
poikiloblastic crystals of grossularite and ido- 
crase commonly enclose irregular remnants of 
merwinite, but graphic or vermicular inter- 
growths of these minerals have not been ob- 
served. A factor that should be considered in 


attempts to resolve these discrepancies is th, 
close resemblance of wollastonite to cuspidin, 
in thin section; subgraphic intergrowths , 
tilleyite and cuspidine are widespread 
Crestmore. Wollastonite also closely resemble 
melilite in thin section, and in this connectig, 
Dunham (Fig. 2A, p. 476) presents a camen 
lucida drawing that shows oriented inclusion: 
of “merwinite in wollastonite” which striking) 
resemble the oriented rods of merwinite 
melilite? shown in Plate 9, figure 3. 

Idocrase zone.—The distribution of rocks jy 
which idocrase is the major mineral constituen: 
is shown in Figure 2 and Plate 10. One of th 
more important features of this distribution i 
that idocrase-rich rocks lie on the intrusive sid 
of the monticellite-zone rocks in all places wher 
the two are associated. Idocrase is the only 
characteristic mineral of this zone, although the 
rare mineral wilkeite appears to be confined to 


7™This melilite (GegoAkso) has been positively 
identified by X rays. 


Pirate 6.—PHOTOMICROGRAPHS 


Ficure 1.—Phenocrystlike relict of plagioclase (An;3) in partially assimilated mafic xenolith engulfed 


by quartz diorite. Crossed nicols, X 16. 


FicurE 2.—Enlargement of top of Figure 4 of this plate, showing sawtooth arrangement of sphene 
parallel to cleavage in surviving shreds of chloritized biotite. Plain light, X40. 
Ficure 3.—Predazzite. Partial pseudomorph of fibrous brucite after octahedral periclase in calcite 


matrix. Plain light, X16. 


Ficure 4.—Foliation in quartz diorite near contact with Chino marble. Plain light, X 16. 
FicurE 5.—Predazzite. Brucite pseudomorphous after periclase in calcite. Note deformation of lamellae | 
in calcite adjacent to brucite. Compare with Figure 3 of this plate. Crossed nicols, X 16. 
FicurE 6.—Contact between quartz diorite and the xenolith shown in Figure 1 of this plate. Note 
preferred orientation of the large plagioclase (Ang) erystals in the quartz diorite (right-hand side). — 


nicols, X16. 


7.—PHOTOMICROGRAPHS 


FicurE 1.—Kalisyenitic contaminated rock. Small grains with excellent cleavage are wollastonite. 


Crossed nicols, X 16. 


FicurE 2.—Pegmatitic contaminated rock. Potassium feldspar constitutes veinlet along contact be 
tween quartz and plagioclase. The same interstitial potassium feldspar forms “host” for wollastonite inter- 


growth in Plate 5, figure 1. Crossed nicols, X 40. 


FicureE 3.—Poikilitic or poikiloblastic crystal of diopsidic augite in slightly contaminated quartz mon 


zonite porphyry. Plain light, X 16. 


Figure 4.—Monzonitic contaminated rock. The perthitic plagioclase is oligoclase and the pyroxene 
(lower left) is aegerinaugite (see analysis 4, Table 6). Crossed nicols, X40. 

Ficure 5.—Petrographically representative quartz monzonite porphyry (see analysis 11, Table 4, 
analysis 2, Table 5). Note the general anhedral character of the grains. Crossed nicols, X 16. 

FicurE 6.—Syenitic contaminated rock within 1 cm of contact with garnet-rich contact rock. Sanidine 
phenocryst is partially rimmed with myrmekite and contains a bladelike crystal of wollastonite. Dark 
area (at top left) consists of andraditic garnet. Crossed nicols, X 16. 
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idocrase-rich rocks. However, wilkeite is so 
rare at Crestmore, having been found only 
along the ridge between the Commercial and 
Wet Weather quarries and in diamond-drill 
hole No. 230 (Pl. 1), that its true affinities are 
somewhat uncertain. 

Although idocrase is the only characteristic 
mineral of the idocrase zone, it is by no means 
the only common one. The occurrence of this 
zone, sandwiched between the monticellite and 
gamet zones, and the gradational nature of the 
transition from one zone to another result in 
the association of a relatively large number of 
minerals with the predominant idocrase. How- 
eet, the kinds of associated minerals in the 
wter part of the zone differ from those in the 
imer part, as would be expected from the 
nneral composition of the adjacent zones. 
Thus, monticellite, merwinite, melilite, spur- 
ite, and xanthophyllite are common in the 
ter part of the zone (PI. 8, fig. 2; Pl. 9, figs. 1 
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and 6), whereas diopside, wollastonite, and 
grossularite are abundant in the inner part. 
Calcite (Pl. 9, fig. 4) is common throughout the 
idocrase zone and the contact aureole in general. 

The occurrence of either diopside, wollaston- 
ite, or grossularite as a minor constituent of the 
monticellite-zone rocks, especially in the inner 
part of the zone, already has been described 
and is attributed to a local “flooding” by 
metasomatic silica. These minerals, singly or in 
pairs, are somewhat more common in the outer 
part of the idocrase zone (PI. 9, fig. 2), bringing 
the total number of different minerals in a 
single thin section to as many as seven. Hence, 
a larger number of minerals is likely to be 
found in a given specimen from the outer part 
of the idocrase zone than in one from either of 
the other two zones. 

Certain common textural features, such as 
those shown in Plate 9, figures 1 and 6, clearly 
indicate that idocrase has replaced monticellite- 


Pirate 8.—PHOTOMICROGRAPHS 


FicurE 1.—Monticellite-zone rock. Vermicular or subgraphic intergrowths of merwinite and monticel- 
ie in matrix of granular monticellite, tilleyite, and spurrite. Crossed nicols, x 40. 

FicurE 2.—Monticellite-zone-idocrase-zone transition rock. Colorless xanthophyllite interstitial to 
abhedral and euhedral idocrase. Plain light, < 16. 

FicurE 3.—Monticellite-zone rock. Top left: intimate intergrowths of merwinite in monticellite and 
uspidine. Center: fine vermicular intergrowths of the same minerals. Lower right: granular merwinite. 
Crossed nicols, X 16. 

FicurE 4.—Monticellite-zone rock. Wheat-shaped crystals of monticellite enclosed in idocrase (left), 
unthophyllite (center), and melilite (right). Plain light, x 16. 

FicurE 5.—Monticellite-zone rock. Lower left: polysynthetically twinned merwinite and vermicular 
gurite in monticellite host which is rimmed with spurrite. Upper right: merwinite (in extinction) rimmed 
wih monticellite (light) and spurrite. Top left and lower right: crystals of melilite (GegoAk4o) in calcite. 
Crossed nicols, 

FicurE 6.—Monticellite-zone rock. Wheat-shaped crystals of monticellite (and less abundant melilite) 
wih spinel in calcite. Plain light, X 16. 


PLATE 9.—PHOTOMICROGRAPHS 


FicurE 1.—Monticellite-zone-idocrase-zone transition rock. Monticellite (m) partially replaced by 
idocrase (7). Plain light, X40. 

Ficure 2.—Idocrase-zone rock. Intimate intergrowth of wollastonite (at extinction) and monticellite. 
Diopside at top left and idocrase at bottom right. Crossed nicols, X16. 

Figure 3.—Monticellite-zone rock. Rods of merwinite in melilite (GegoAkso) have two orientations 
rependicular to each other and apparently in the (110) plane of the melilite. Opaque inclusions in some 
nerwinite rods are magnetite. Plain light, X40. 

Ficure 4.—Idocrase-zone rock. Zoned crystals of idocrase with intersititial calcite. Zonation is of ab- 
tommal interference colors, olive green in the cores and ultra blue in the rims. Crossed nicols, 16. 

Fictre 5.—Monticellite-zone rock. “Spines” of spurrite along boundaries between melilite grains. 
"Tossed nicols, X40. 

FicURE 6.—Monticellite-zone-idocrase-zone transition rock. Merwinite (polysynthetically twinned) 
pattially replaced by large poikiloblastic crystals of idocrase (dark). Crossed nicols, X40. 
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zone minerals. Similarly, textural relationships 
suggest that monticellite-zone minerals in the 
outer part of the idocrase zone locally have been 
replaced by garnet-zone minerals, presumably 
as a result of “flooding” by silica and alumina. 
However, other textural relationships involving 
these minerals, as in Plate 9, figure 2, are some- 
what ambiguous. For example, the monticellite- 
wollastonite intergrowths shown in this photo- 
micrograph are thought by the writer to have 
formed from the monticellite-spurrite, monti- 
cellite-merwinite, or monticellite-cuspidine in- 
tergrowths as a result of “flooding” by silica, 
whereas they are tentatively interpreted by 
Harker and Tuttle (1956b) as the result of 
decomposition of akermanite. Arguments in 
support of the replacement origin are: (1) the 
rock consists mainly of diopside and idocrase, 
indicating an excess of silica; (2) similar types 
of intergrowths between monticellite and spur- 
rite, merwinite, or cuspidine are very common 
in the monticellite zone; (3) most of the inter- 
growths in this specimen involve diopside 
instead of wollastonite; and (4) the intergrowths 
grade into relatively large clean crystals of 
wollastonite or diopside that are in parallel 
optical orientation. Arguments against the 
decomposition hypothesis are: (1) the melilite 
that is abundant throughout the monticellite 
zone is gehlenitic instead of akermanitic; (2) to 
the writer’s knowledge, akermanite never has 
been found as a contact-metamorphic mineral; 
and (3) the hypothesis should but does not 
explain the much more prevalent identical-type 
intergrowths of monticellite and diopside in the 
same thin section. It is probable that aker- 
manite-rich solid solutions do not ordinarily 
occur in contact-metamorphic rocks because of 
their instability in the presence of water vapor 
and the greater stability of idocrase in these 
systems. 

The chemical composition of the idocrase- 
zone rocks is represented by analysis 1 in 
Table 10. The composite sample of drill core, on 
which this analysis was made, was obtained by 
splitting and quartering the entire section of 
core from contact to contact and is regarded as 
petrographically representative of the idocrase- 
zone rocks. The section of drill core represented 
by analysis 2, Table 10, is petrographically 
atypical owing to the presence of abnormally 
large amounts of wollastonite, but was selected 
for analysis because it is contiguous upward 
with the monticellite-zone rock represented by 
analysis 3, Table 9, and downward with the 
garnet-zone rock represented by analysis 2, 
Table 11. 


The differences in composition between the 
idocrase- and monticellite-zone rocks, as show) 
by a comparison of the first analyses in Tables) 
and 10, are in the direction that would & 
anticipated from their mineralogical differences 
and the closer proximity of the idocrase zone ty , 
the quartz monzonite porphyry intrusive mas, | 
the source of silica, alumina, and iron. The | 
magnitude of these differences perhaps is not , ch 
as great as might be expected, but the important | y 
factor in the formation of a given miner, 
assemblage is not the absolute amounts of the | that ) 
metasomatic constituents, but their amount 
relative to calcium and magnesium. Thus, th: follow: 
fact that the ratio Si + Al + Fe/Ca + My! 
in the idocrase zone is about 1.7 times greater | 
than in the monticellite zone supports the! 
interpretation, based on petrographic evidence, | 
that the idocrase-rich rocks formed largely at! ; 
the expense of the monticellite-zone assem-| 
blages. 

The number of reactions by which the ido- 
crase at Crestmore could have formed is rela- 
tively large, owing to the several different 
monticellite-zone minerals and assemblage: 
that can be converted into idocrase through the wen 
addition of appropriate amounts of silica, with; 7), 
or without alumina (and iron). However, inas- 
much as monticellite, spurrite, merwinite, and 
melilite are the most abundant monticellite- 
zone minerals near the idocrase-zone contacts, 
the following general reaction which involves! ,-_ 

ogicall 
these minerals will serve to represent the con- appear 
version of all monticellite-zone assemblages to) |), 
idocrase: 


porphy 


ben ¢ 
diorite 
the in 
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overlie 


CaMgsSiO, + 2(2Ca,SiO,-CaCO;) 
+ 3CasMgSisOs + | 

+ 15Si0, + 12H,0 intense 
+ 2CO, contan 

1 monticellite + 2 spurrite pegmai 
+ 3 merwinite + 4 melilite (GesoAk«o) the le 

+ 15 silica + 12 water — station 

6 idocrase + 2 carbon dioxide. wollast 

Howey 


Reaction (11) is not given as the only, of 4... 
even the most prevalent, reaction by whid} oi. 
idocrase was formed, but merely as one that! quartz 
representative. In fact, a comparison of thd... 
aluminum contents of the idocrase and montt nipelik 
cellite zones indicates that much metasomati magma 
alumina as well as silica generally was involved | ~ 
in the formation of idocrase-zone assemblages} 7), 
Consequently much less melilite than is indi monzor 
cated in reaction (11) ordinarily would hav‘ om thi 
been involved, and this is in agreement will ji... 5, 
its general abundance relative to monticellite) 
spurrite, and merwinite. are les 
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Garnet zone.—Large masses of rock that con- 
sit mainly of brown grossularite garnet with 
sibordinate amounts of wollastonite and diop- 
side are perhaps the most prominent feature of 
thecontact aureole at Crestmore. It is estimated 
fom surface exposures and diamond-drill data 
that about 60 per cent by volume of the contact 
gureole consists of garnet-zone rock; and inas- 
much as grossularite composes about 60 per 
cnt of this rock, it is the most abundant con- 
tact-metamorphic mineral at Crestmore. Rocks 
tht consist essentially of the wollastonite- 
dipside-grossularite assemblage have the 
folowing modes of occurrence: (1) as essentially 
the only rock of the contact zones between the 
quartz diorite and marbles, (2) as the inner- 
most zone of the contact aureole that sur- 
rounds the quartz monzonite porphyry intru- 
ive mass, (3) as large masses that are partly 
at wholly enveloped by quartz monzonite 
porphyry, (4) as contact zones as much as 1 
jot thick that separate bodies of pegmatite 
fom marbles or other zones of the aureole, and 
3) as sheaths as much as 1 foot thick that sur- 
round small pipes and stringers of contaminated 
rock in monticellite- or idocrase-zone rocks. 

The first of these modes of occurrence has 
en described in connection with the quartz 
diorite. The innermost zone of the aureole and 
the inclusions of garnet-rich rock in quartz 
monzonite porphyry are very similar mineral- 
ically and texturally, although the inclusions 
appear generally to contain more wollastonite. 
locally the aureole garnet-zone rocks that 
werlie the larger bodies of quartz monzonite 
porphyry are brecciated (e.g. above stations B, 
E,F, and G, Pl. 10). The matrix of the more 
intensely brecciated rock generally consists of 
contaminated rock, some of which is slightly 
pegmatitic. The interstices of the fragments in 
the less intensely brecciated rock, as near 
station B, commonly are filled with calcite and 
wollastonite or calcite, diopside, and scapolite. 
However, between stations E and F some of 
these interstices are filled with pegmatitic 
epidote - microcline - oligoclase - calcite - 
quartz rock. The brecciation very probably 
was caused by intrusive activity in the main 
pipelike bodies of quartz monzonite porphyry 
magma after the formation of the brittle garnet- 
tich contact rock. 

The contact zones that border the quartz 
monzonite pegmatites generally are less than 25 
tm thick. The thicker zones separate the pegma- 
lites from idocrase- and monticellite-zone rocks, 
whereas the thinner zones, which commonly 
are less than 1 cm thick, separate the pegma- 


911 


tites from marbles. In fact, near station N 
(Pl. 10) microcline crystals are embedded in 
coarsely crystalline. calcite with no mega- 
scopically visible contact zone between them. 
Generally, however, both this body and the 
one below station C are separated from the 
Sky Blue marble by a centimeter or more of 
fibrous wollastonite with or without minor 
amounts of green diopside and _ pale-pink 
grossularite.® 

The contact zones of the relatively large 
pegmatite body north of station B afford an 
excellent illustration of the differential contact 
effects of the same igneous body on different 
zones of the contact aureole. In the lower part 
of the quarry face this pegmatite is in contact 
on the south with aureole garnet-zone rocks, 
and except perhaps for a slight enrichment in 
wollastonite near the dike, there is no mega- 
scopically visible contact effect. On the north, 
however, the pegmatite cuts idocrase-zone 
rocks and is separated from them by approxi- 
mately 15 cm of diopside-rich rock that con- 
tains only minor amounts of wollastonite and 
grossularite. The wollastonite occurs mainly in 
contact with the quartz and feldspars of the 
pegmatite, and the grossularite occupies an 
intermediate position. This diopside-rich zone 
continues upward along the contact between 
the pegmatite and monticellite-zone rocks, 
although it diminishes considerably in thick- 
ness. 

The fifth mode of occurrence of the wollas- 
stonite-diopside-grossularite assemblage is as 
sheaths 5-25 cm thick that surround small 
pipes or stringers of contaminated rock where 
they penetrate idocrase- and monticellite-zone 
rocks. Regardless of the composition of the con- 
taminated rock, whether syenitic or dioritic, 
the sheaths are all similar in that they consist 
mainly of light-colored, fine-grained grossular- 
ite, wollastonite, and diopside. The wollastonite 
generally is concentrated near the contacts, and 
the diopside is more abundant in the outer 
parts of the sheaths. Thus, they exhibit the 
same kind of zoning as occurs in the contact 
rocks adjacent to pegmatites, although the 
sheaths generally contain a much larger pro- 
portion of grossularite. 

Although the wollastonite-diopside-grossular- 
ite borders of the pegmatites and sheaths 
around the contaminated-rock pipes and 
stringers are quantitatively only minor features 
of the contact aureole, they are nonetheless 


8 The wollastonite-rich rock along much of the 
contact below station C has been altered to opal 
(cristobalite). 
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important because they illustrate the fact that 
monticellite-zone rocks never, and idocrase- 
zone rocks rarely, occur in contact with igneous 
rocks at Crestmore. Moreover, the ubiquitous 
occurrence of the wollastonite-diopside-grossu- 
larite assemblage bordering igneous bodies that 
have been intruded into idocrase- and monti- 
cellite-zone rocks clearly indicates that the 
garnet-zone rocks have formed largely at the 
expense of these other contact rocks. 

This interpretation is supported by the 
chemical data in Table 11, for the atomic 
ratio of metasomatic to indigenous constituents 
(Si + Al + Fe/Ca + Mg) in analysis 1 is 1.64, 
approximately f.4 times as large as in the 
idocrase-zone rocks and 2.5 times as large as in 
the monticellite-zone rocks. Thus it appears 
that the idocrase-zone rocks could have been 
converted into garnet-zone rocks if the ratio of 
metasomatic to indigenous constituents was 
increased as follows: 


+ 3Si02 — 
+ 2CaMgSi20¢ 
+ 2CaSiO; + (12) 
1 idocrase + 3 silica — 
2 grossularite + 2 diopside 
+ 2 wollastonite + 2 water. 


In this reaction, all three characteristic 
minerals of the garnet zone can be produced 
from the single characteristic mineral of the 
idocrase zone simply by the addition of silica. 
This is an oversimplification of the actual proc- 
ess of conversion, of course, for alumina as 
well as silica was a constituent of the meta- 
somatizing solutions, and some magnesia 
clearly was removed in the process. However, 
both these added factors have only a modifying 
effect on reaction (12) in that they would tend 
to increase the yield of grossularite relative to 
diopside and wollastonite and thereby produce 
a rock that compositionally more closely re- 
sembles the garnet-zone rocks at Crestmore. 

Summary and comparison—The general 
geological features of the contact rocks and 
their spatial relationships to the quartz mon- 
zonite porphyry and related igneous rocks are 
schematized in Figure 3. Although this cross- 
sectional diagram is somewhat idealized, it 
nevertheless illustrates the general spatial rela- 
tionships of the various types of rock. Thus, 
the monticellite zone occurs as an incomplete 
outer carapace mainly over the thicker parts 
of the contact aureole. The idocrase zone, and 
locally even the garnet zone, also occurs in 
contact with the parental marbles but generally 
only where the aureole is relatively thin. Gar- 


~ 


"Whether the course actually is as indicated by 


net-zone rocks nearly everywhere separate 
igneous rocks from other zones of the contact 
aureole, and consequently idocrase-zone rocks 
rarely, and monticellite-zone rocks never, have 
been found in contact with igneous rocks, 

The thicker parts of the contact aureole 
generally are in contact with relatively uncon. 
taminated quartz monzonite porphyry, whereas 
the thinner parts of the aureole are in contact 
with the thicker masses of contaminated rock. 
Contaminated rocks also occur as stringers and 
small pipelike bodies in all three zones of the 
aureole but are everywhere separated from 
aureole contact rocks by minerals of the garnet- 
zone assemblage regardless of the zone in which 
they occur. The same contact relationships are 
associated with the pegmatite bodies that cut 
all the zones of the contact aureole and locally 
penetrate marbles for short distances. 

The petrological relationships within and 
between zones of the contact aureole are 
readily summarized with the aid of Figure 4, 
in which the compositions of each of the zones 
and its minerals are represented. Only the 
prograde metamorphic minerals that occur at 
Crestmore are represented in the diagram. 
Moreover, inasmuch as there are eight major 
components involved in the natural system and 
only four corners to the tetrahedron, the ferric 
iron is combined with aluminum, and ferrous 
iron is combined with magnesium, and it is 
assumed that water and carbon dioxide are 
present in excess.’ Thus simplified, the chemical 


composition of each zone of the aureole and of 
the parental predazzite marbles can be repre-}! 


sented on the diagram as points P, M, IJ, andG. 


The course by which the composition off t 
representative monticellite-zone rock (M) is} 


attained from the parental predazzite marbles 


(P) passes through the following equilibrium} i 


assemblages: (1) calcite-brucite (or periclase)- 
clinohumite-spinel, (2)  calcite-clinohumite- 
forsterite-spinel, (3) calcite-forsterite-spinel- 
xanthophyllite, (4) calcite-forsterite-monti- 
cellite-xanthophyllite, (5) calcite-monticellite 
xanthophyllite-melilite, (6) calcite-monticellite 
spurrite (or _ tilleyite)-melilite, and (7) 
monticellite-spurrite-merwinite-melilite. Montt- 
cellite-rich assemblages that contain snd 
amounts of idocrase- and/or garnet-zone 
minerals also are encountered very near M 


the line P-M is determined by local conditions 
during metamorphism, especially the degre 


® The roles of water and carbon dioxide are dis 
cussed in the next section. 
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and timing of magnesia metasomatism with 
respect to silica and alumina metasomatism. 

It is remarkable that this sequence of 
asemblages is essentially the same sequence in 
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tional overlap” of mineral assemblages and the 
metasomatic “flooding” of silica (and alumina) 
outward from the intrusive mass. 

Figure 5 facilitates amore precise comparison 


(Si) 


LEGEND (Si) 
By-Brucite Solid lines connect coexisting 
Calcite minerals in the Ca-Mg,Fe* Si 
cieChnohumite plane and dashed lines connect 
coexisting Al and Fe’ bearin 
Wo, Cz Di minerals within the body o 
(z:Clinozoisite a7 the tetrahedron. Arrows indi- 
:Diopside cate direction of plunge of 
Fo:Forsterite A tie lines. 
deidocrase \ 
= 
Z 

MOL PERCENT (Mg,Fé) 


FicuRE 4.—TETRAHEDRAL COMPOSITION DIAGRAM FOR PART OF THE SysTEM Ca-MG, Fe*?-S1-At, 
The Al, Fe+* apex is at the eye of the observer. Only those minerals that occur in the contact aureole 
i Crestmore are represented. P, predazzite (analysis 1, Table 1); 44, monticellite-zone rock (analysis 1, 
lable 9); J, idocrase-zone rock (analysis 1, Table 10); G, garnet-zone rock (analysis 1, Table 11). P lies 
asentially on the Ca-Mg, Fe*?-Si base of the tetrahedron, whereas M, J, and G lie 4.6, 13.1, and 17.6 per 


wat above the base, respectively. 


which they are encountered upon proceeding 
award toward the quartz monzonite porphyry 
intrusive mass from the contact with Sky Blue 
narble. Moreover, it is essentially the same as 
the paragenetic sequence and therefore provides 
stong support for the sequence of reactions 
1-10. The fact that the principal assemblages 
inthe monticellite zone are equilibrium assem- 
blages indicates that chemical equilibrium, 
athough perhaps not fully attained, was 
tosely approached within relatively small 
volumes of rock. 

The conversion of monticellite-zone assem- 
blages to idocrase-rich rocks is represented in 
Figure 4 by passage from M to J and, as indi- 
ated, involves the introduction of silica and 
alumina and the removal of magnesia. Similar 
ins and losses are involved in tie conversion 
dt idocrase-rich assemblages to the garnet-zone 
assemblage (from I to G). It is noteworthy that ~ 
I and G lie near the high-silica boundaries of 
their respective equilibrium assemblages and 
that M oversteps this boundary slightly. This 
phenomenon is expressed by the “unidirec- 


of each zone in the contact aureole with the 
others and with the parental Sky Blue marble 
in terms of gains and losses in major constitu- 
ents. The data in this diagram have been ob- 
tained from the first analyses in Tables 1, 5, 7, 
9, 10, and 11 through a recomputation based 
on the assumption that a unit volume of Sky 
Blue marble remained constant during con- 
version to calc-silicate contact rock. Although 
this assumption is not strictly valid, it doubt- 
less holds as a first approximation. 

The largest loss in the conversion of Sky 
Blue marble to monticellite-zone rock is in the 
carbon (CO:) content, as expected, but a con- 
siderable and somewhat unsuspected loss also 
occurs in the calcium content. The direction of 
migration of the replaced calcium is uncertain; 
perhaps it makes up part of the secondary cal- 
cite veins that occur both within the contact 
aureole and in the Sky Blue marble near the 
contact. The relatively minor loss in the hydro- 
gen (H,O) content is probably not as large as it 
was originally, owing to the occurrence of 
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hydrous alteration products of anhydrous 


prograde minerals in the monticellite zone. 


marble became “stuffed” with metasomati-{; 


constituents during the conversion to monti. 
cellite-zone rocks. 


The principal gain in the conversion of the 
| 
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SKY BLUE MONTICELLITE-IDOCRASE- _ GARNET-CONTAMINATED QUARTZ 


MARBLE ZONE ROCK ZONE ROCK ZONE ROCK ROCK MONZONITE 
PORPHYRY 


SpGr.- 2.66 3.05 3.29 


3.48 2.73 2.65 


FiGuRE 5.—VARIATIONS IN COMPOSITION OF THE ROCKS IN THE CONTACT AUREOLE AT CRESTMORE AS 
COMPARED WITH THE PARENTAL SKY BLUE MARBLE 


Data are recomputed from the first analyses in Tables 1, 5, 7, 9, 10, and 11, assuming constancy 0]; 


volume during metamorphism. 


marble to monticellite-zone rock is in the silicon 
content. Moreover, the gains in silicon and 
aluminum essentially compensate the loss in 
carbon, as might be expected from the fact that 
carbonate rocks were converted to silicates and 
aluminosilicates. The remarkably large gain in 
magnesium, however, is only about one-third 
compensated by the loss in calcium, and the 
appreciable gain in oxygen is uncompensated. 
Consequently, each unit volume of original 


The only major loss in the conversion oi 
monticellite- to idocrase-rich rocks is in the 
magnesium content, and it is somewhat more 
than compensated by gains in silicon, alum- 
inum, and calcium. A very marked gain in 
oxygen is again uncompensated, and as 4 
consequence the idocrase-zone rocks have 
become further “stuffed” with metasomati 
constitutents during their formation. __ 

This “stuffing” appears to have continue/ 
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ithe formation of the garnet-zone rocks, as 
ihe relatively minor losses in magnesium, 
citon, and hydrogen are more than compen- 
ied by gains in silicon, aluminum, and iron, 
inf the large gain in oxygen is once again un- 
ompensated. Consequently the garnet-zone 
rks (sp. gt- = 3.48), which are the most 
intensely metasomatized of all the contact 
rks, contain about 40 per cent more atoms 
per unit volume than the original marbles (sp. 
g. = 2.66), and oxygen makes up nearly half 
this increase. 

{comparison of the ratios of metasomatic 
qustituents to indigenous constituents (Si + 
4+ Fe/Ca + Mg) reveals a very sharp and 
arly uniform increase from essentially zero in 
te Sky Blue marble through 0.66 in monti- 
wlite-zone rocks and 1.15 in idocrase-zone 
nks to 1.62 in garnet-zone rocks. The large 
nd systematic increase in this ratio is regarded 
spetrologically more important than gains and 
ses in individual elements, as it appears to be 
seunderlying cause for the zonal arrangement 
imineral assemblages in the contact aureole at 
{restmore. 


Origin of the Contact Rocks 


The concept advanced by Bowen (1940), 
‘at the metamorphism of siliceous limestones 
addolomites involves essentially a progressive 
temal decarbonation, is taken as the starting 
pint in this discussion on the origin of the 
ontact rocks at Crestmore. Accordingly, the 
pogressive metamorphism of carbonate rocks 
scapable of exhibiting 13 steps!, each of 
ttich is represented by a univariant reaction 
(acept those that involve tremolite). Also, for 
th of these reactions there is a univariant 
PT curve, and the phase assemblage that is 
suble on the low-temperature side of it is not 
suble on the high-temperature side. Conse- 
quently, the occurrence of one of these assem- 
bages indicates that the temperature at which 
it becomes unstable has not been attained. 
Moreover, if metamorphism is purely thermal 
and the CO. pressure remains constant, the 
appearance of each new mineral assemblage 
othe high-temperature (right) side of the 
tollowing reactions generally indicates the 
alamment of a certain temperature of meta- 
morphism. 


“Tilley (1951) has increased this number to 17 


2 the addition of two reactions that involve 
Cand one each for tilleyite and rankinite. 
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(a) 3CaMg(CO;)2 + 4Si0; 
+ 2CaCO; + 4CO.. 
3 dolomite + 4 quartz = 1 tremolite + 2 


calcite + 4 carbon dioxide. 


CaMg;(SiOs), 


(6) CaMg;(SiO;), + 5CaMg(CO;)2 = 6CaCO; 
+ 4Mg,SiO, + 4CO2. 
1 tremolite + 5 dolomite = 6 calcite + 4 
forsterite + 4 carbon dioxide. 
(c) CaMg;(SiOs), + 2CaCO; + 2Si0, = 
3CaMgSizOg + 2COc. 
1 tremolite + 2 calcite + 2 quartz = 3 diopside 
+ 2 carbon dioxide. 
(d) 2CaCO; + 3CaMg;(SiO;), = 5SCaMgSi.Oc 


+ 2Mg2SiO, + 2 COs. 

2 calcite + 3 tremolite — 5 diopside + 2 
forsterite + 2 carbon dioxide. 

CaMg(CO;)2 = CaCO; + MgO + COs. 

1 dolomite = 1 calcite + 1 periclase + 1 carbon 
dioxide. 


(e) 


(f) CaCO; + SiO. = CaSiO; + COs. 
1 calcite + 1 quartz = 1 wollastonite + 1 carbon 
dioxide. 
(g) CaMgSiOs + MgSiO, + 2CaCO; = 


3CaMgSiO, + 2CO:. 
1 diopside + 1 forsterite + 2 calcite = 3 monti- 
cellite ++ 2 carbon dioxide. 
CaMgSi.0¢ + CaCO; @ Ca2MgSi.O0, + COs. 
1 diopside + 1 calcite = 1 akermanite + 1 
carbon dioxide. 
Mg.SiO, + CaCO; 
+ COs. 
1 forsterite + 1 calcite 1 monticellite + 1 
periclase + 1 carbon dioxide. 
CaCO; + 2 CaSiO; = 2 Ca,Si0,-CaCO; + COs. 
1 calcite + 2 wollastonite = 1 spurrite + 1 car- 
bon dioxide. 
(k) CasMgSi.0; + CaCO; = CasMg(SiOx)2 + COs. 
1 akermanite + 1 calcite = 1 merwinite + 1 
carbon dioxide. 
CaSiO; + 2Ca,SiO,-CaCO; = 3Ca,SiO, + COr. 
1 wollastonite + 1 spurrite = 3 larnite + 1 
carbon dioxide. 


(A 


4 


(i) CaMgsSiO, + MgO 


G 


A comparison with reactions 1-12 reveals 
that the reactions given here generally are not 
those by which the contact-metamorphic 
assemblages at Crestmore are thought to have 
formed, nor is the sequence of their occurrence 
the same. Consequently, one might conclude, 
as did Turner and Verhoogen (1951, p. 377), 
that the mineral assemblages at Crestmore 
possibly represent nonequilibrium associations. 
This is not supported, however, by the evidence 
presented in the preceding section or by labora- 
tory experience." Moreover, the conclusion 
does not necessarily follow, for Bowen (1940) 
considered in detail only the series of equilib- 


1 Although most of these reactions are relatively 
sluggish in “dry” systems, the presence of even a 
trace of water vapor is sufficient for the establish- 
ment of equilibrium, generally within a few hours. 


rium assemblages that would arise in response 
to increased temperatures under conditions of 
constant pressure and appropriate fixed chemi- 
cal composition and tended to minimize the 
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quartz-wollastonite, as spurrite is unstable in J nd iro 
the presence of excess silica. In either Case 2 mper 
wollastonite could have formed under equilib. “ey 
rium conditions as low as 400°C. On the other Lal 
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effects of the partial pressure of COz and meta- hand, if the original siliceous carbonate rock me 
somatic changes in composition. Consequently, had been magnesian and/or argillaceous, reac + a 
he visualized the path of metamorphism of a_ tions at lower temperatures to form miner ein 
siliceous limestone more or less as represented _ such as talc, tremolite, diopside, and grossular m : ‘ . 
by the line m-n in Figure 6 (cf. Bowen, 1940, ite could have produced CO: pressures com| een 
Fig. A). However, this is merely one of several parable to those indicated by the path m-n ii 2 ail 
possible paths of metamorphism if the effects Figure 6, as visualized by Bowen (1940, Fig. pene d 
of changes in composition and CO, pressure, Consequently, wollastonite would not hay sea 


which really is a compositional factor", 
are taken into account. 

The particular path taken in any natural 
example of metamorphism is determined 
primarily by the initial composition of the 
carbonate rocks and the physical nature of the 
system. Thus, if the original rock consisted 
essentially of quartz and calcite in a mol ratio 
SiO2/CaCO; less than unity, and the system 
was closed to the escape of COs, the path of 
metamorphism can be represented approxi- 
mately by the line a-b-c-d-e in the P-T diagram 
(Fig. 6). However, if the mol ratio Si0:/CaCO; 
was greater than unity, metamorphism would 
have ended with the mineral assemblage 


12 The effect of CO. is not due to the pressure it 
exerts but to its concentration; hence it is more 
appropriately considered as a compositional factor. 


formed unless temperatures of perhaps 650°C Wollas 
were reached, and then only if there was exces : 
silica. Thus, although wollastonite could occr 
in equilibrium assemblages as a product ¢ 
regional metamorphism, it should be very rar. 

A somewhat different path would be followed 
if an initially siliceous carbonate rock wer 
thermally metamorphosed under conditios 
that would permit the escape of COs, as ind shocg 
cated by the line a-b-f in Figure 6. This pat bile | 
would be unaffected by the formation @ rs 
magnesium- and aluminum-bearing minerals 
lower temperatures. Hence it is possible {¢ ae 
many siliceous carbonate rocks to be m ee 
morphosed to wollastonite-bearing rocks “em 
temperatures as low as 400°C., provided t oP, 
initial SiO. content exceeded the amoul 
necessary to satisfy the magnesium, aluminusg 


by an in 
quence 0 
it by si 
bmount 
much as 
C0; are 


‘ 
@ 
yi 
i 


A 


stable ip 
her cas 

equilib. 
he othe 


1e writer 


ck wer 
nditios 
as 
gprssure at the existing temperature might or 


his pa 
tion 
rerals 


dion. Moreover, spurrite also could form at 
enperatures as low as 625°C. if the ratio 
s0,/CaO in the earlier formed wollastonite- 
wearing rock is less than unity. Consequently, 
gurite might form in the thermal metamor- 
phism of near-surface rocks at temperatures 
sat barely would be sufficient for the formation 
yi wollastonite in deep-seated siliceous car- 
yates. In reality, however, natural systems 
pnbably are neither entirely open nor entirely 
deed to the escape of CO, and therefore the 
gis of thermal metamorphism of siliceous 
rocks generally lie somewhere be- 
sen the extremes outlined. 

(n the other hand, if the carbonate rocks 
sitally were essentially free of silica, as they 
sweat Crestmore, the path of metamorphism 
cube greatly different from those already con- 
sured. This is due mainly to two implications 
fthe initial absence of silica. First, the forma- 
in of silicates depends upon the metasomatic 
zoduction of silica, and second, the initial] 
miucts of reaction with it are determined 
izely by the time relationships between its 
woduction and the introduction of heat. 
Tus, if silica is introduced early in the thermal 
ttory, the path of metamorphism would be 
sentially the same as if the carbonate rock 
ied been initially siliceous. However, if the 
dia is introduced later in the thermal history, 
_faitis thought to have been at Crestmore, the 
ph of metamorphism very well might be as 
inicated by the line g-k in Figure 6. Conse- 
qently, it is possible, and indeed highly prob- 
all, that under certain conditions of contact 
;yamorphism, spurrite would form directly 

{nm calcite and metasomatic silica (cf. reaction 


and wollastonite could form later at the 


Jegense of spurrite. 

Wollastonite can form from spurrite either 
yan increase in the CO» pressure as a conse- 
pute of the conversion of calcite to spurrite 
_pt by silica metasomatism in excess of the 


_,{puount required for spurrite. However, inas- 


much as the amount and rate of evolution of 
C0; are directly dependent upon the amount 
.fol rate of introduction of silica, the CO» 


(gett not in a given case reach the stability 


fed of wollastonite. It might if the contact 


ible if le constitutes an appreciable part of the 
nlite carbonate body, as the volume through- 
a which the CO, can diffuse and dissipate is 
’ ehtively small. It might not, on the other 
pnd, if the volume of the carbonate body is 
rp *Y large as compared with the contact aureole, 
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or if metamorphism occurs very near the earth’s 
surface. 

The wollastonite-forming reaction which 
occurs in response to increased COz pressure is 
reversible, whereas the reaction which occurs 
in response to silica metasomatism is irrevers- 
ible. However, the fact that metasomatic reac- 
tions commonly are irreversible (cf. reactions 
1-12 with reactions a-e) does not prevent them 
from yielding equilibrium products, for the 
major controlling factor is the relationship 
between the rate of introduction of the meta- 
somatic reactant and the rate of reaction. 
Consequently, contact metasomatism, which is 
essentially an open-system process, can readily 
produce equilibrium mineral assemblages. 

The application of these principles to the 
contact metamorphism at Crestmore is more 
readily accomplished by comparison of the 
effects produced in the same carbonate rock 
units by two different intrusions, the quartz 
diorite and the quartz monzonite porphyry. 
Metasomatism associated with the quartz 
diorite magma produced a relatively thin sili- 
cate contact aureole that consists almost en- 
tirely of the garnet-zone assemblage (wollaston- 
ite, diopside, and_ grossularite), whereas 
metasomatism associated with the quartz 
monzonite porphyry magma produced a much 
thicker contact aureole that exhibits a well- 
defined zonation of mineral assemblages, with 
the garnet-zone assemblage innermost with 
respect to the intrusive mass and the monti- 
cellite-zone assemblage (spurrite, monticellite, 
melilite, and other minerals) outermost. 

The differences in mineral composition of the 
two aureoles probably are due mainly to differ- 
ences in the pressure-temperature relationships 
during intrusion and metamorphism. Inasmuch 
as the quartz diorite, which is part of a deep- 
seated batholith, completely engulfed the 
limestone units, the CO. that was rapidly 
evolved in the thermal decomposition of the 
magnesium carbonate component of the marbles 
(reaction e) probably could not escape. Conse- 
quently, the partial pressure of CO2 was too 
high for the formation of the monticellite-zone 
assemblages at the prevailing temperatures.” 


13 Evidence obtained from petrographic and field 
relationships, as described earlier in this paper, 
clearly suggests that the quartz diorite magma was 
largely crystalline at the time of intrusion into the 
marbles and therefore probably in the lower-tem- 
perature part of its crystallization range. Con- 
versely, the same kind of evidence suggests that the 
quartz monzonite porphyry magma was in the 
upper part of its crystallization range. However, in 
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The quartz monzonite porphyry, on the other 
hand, was intruded later as a relatively small 
pipelike hypabyssal body into already formed 
brucite (or periclase)-bearing marbles, and 
hence the partial pressures of CO: probably 
were very low, at least during the earlier 
stages of silica metasomatism. Consequently, 
monticellite-zone assemblages formed upon 
initial metasomatic introduction of silica into 
the marbles even though the temperatures 
probably were not much, if any, higher than 
during the formation of the garnet-zone assem- 
blage in the quartz diorite contact aureole. 

In conclusion, field, petrographic, chemical, 
and experimental studies all clearly indicate 
that: (1) the quartz monzonite porphyry con- 
tact aureole at Crestmore is largely the product 
of silica, alumina, and iron metasomatism of an 
initially silica-poor magnesian marble; (2) the 
silica did not reach the outer part of the 
aureole (the monticellite zone) until the marbles 
there had been heated perhaps to 625°C. or 
higher; (3) owing to these initially high tem- 
peratures and low CO: pressures, minerals such 
as spurrite, monticellite, and melilite formed 
directly from the metasomatized marbles 
without the intervention of the “lower-tempera- 
ture” steps which involve wollastonite, diop- 
side, and grossularite; and (4) the zonal 
distribution of mineral assemblages is not the 
result of differences in temperature and/or 
pressure, but merely differences in the intensity 
of metasomatism, as reflected by the markedly 
different silica, alumina, iron, and magnesia 
contents of the three zones. Consequently, it is 
proposed that the contact metamorphism at 
Crestmore, and perhaps numerous other 
places, should be viewed as progressive meta- 
somatism with consequent decarbonation at 
elevated temperatures rather than progressive 
decarbonation attendant simply upon rising 
temperatures. 

Such a view of contact metamorphism natu- 
rally places greater emphasis on compositional 
factors than on temperature and is therefore 
not entirely compatible with the thermal de- 
carbonation concept. Temperature is merely 
one of the factors that govern the occurrence of 
a specific metamorphic-mineral assemblage; in 
the contact metasomatism of carbonate rocks, 
compositional factors, including the relative 
amounts (partial pressures) of carbon dioxide, 


view of the compositional relationships between the 
two rocks, it is probable that the quartz monzonite 
porphyry magma was not appreciably hotter than 
the quartz diorite magma. 


commonly exert a greater influence than ten, 
perature on the mineral assemblages produce; 
Development of these mineral assemblages d 
equilibrium under given conditions of temper. 
ture, pressure, and final bulk composition « 
fundamentally dependent upon the course ¢j 
compositional changes, especially in volati: 
content, during metasomatism (cf. Turner an} 
Verhoogen, 1951, p. 428). It is suggested, then. 
fore, that contact metamorphic deposits might 
well be considered in terms of the nature ani 
extent of metasomatism, for it is only on thi 
basis that valid interpretations can be made i 
connection with temperatures of metame. 
phism. 
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SCHIST. Small mosses of schistose 
contaminated rock. 
GARNET—PEGMATITE BRECCIA IDOCRASE-MONTICELLITE ROCK. 
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monly only slightly porphyritic (xonfhophyllite ). 


DIORITE. (Bonsall! tonalite) Medium- ite, 
to coorse-grained rock with granitic Rite, spurrite and/or Wwitkeite. 
texture 
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[EACHED, CLAY-ENRICHED ZONES IN POST-SANGAMONIAN DRIFT 
IN SOUTHWESTERN OHIO AND SOUTHEASTERN INDIANA 


By AnseL M. Goopinc, JAMES 


Zones of leaching and clay accumulation in 
qtwash beneath calcareous till have been ob- 
wved at many places in southwestern Ohio 
ad southeastern Indiana. Most of these zones 
ea few inches to a foot or more thick, and in 
ifew places tongues extend as much as sev- 
aal feet down into the sand and gravel. They 
rsemble the B horizons of present-day gray- 
irown podzolic soils of the Fox series developed 
aglaciofluvial terrace materials. 

Several workers have considered these 
kached zones that contain accumulated clay to 
remnants of a Fox-like paleosol of regional 
atent and have used them as a key horizon for 
orelations in southwestern Ohio. These 
kached, clay-enriched zones in outwash have 
teen supposed to be of the same age as a zone 
of leaching in till exposed in a railroad cut at 
Sidney, Ohio (Goldthwait, 1955; Flint and Ru- 
tin, 1955; Forsyth and La Rocque, 1956; La 
Rocque and Forsyth, 1957; Flint, 1957; and 
Forsyth, 1957). Flint and Rubin (1955) state 
that 


‘The soil, as well as the till and gravel in which it 
developed, is believed to be post-Sangamon and 
pe-Wisconsin of existing terminology. The alterna- 
tive possibility, that the soil is Sangamon and the 
drift beneath it Ilinoian, is unlikely because weath- 
ering of the till is not comparable to that developed 
on drift of known Illinoian age.” 


During several years of study of the Pleisto- 
cene in the Whitewater valley of southeastern 
Indiana and surrounding areas, we found con- 
siderable evidence to suggest that the zones of 
leaching and clay accumulation in outwash be- 
neath calcareous till in this area are not rem- 
nants of a paleosol but are extensions of the 
Present surface soils through joints in the thin 
overlying till. This evidence and some of the 
 Inplications are presented below. 
ch the area considered, a distinct soil discon- 
tnuity between the Miami and Russell silt 
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loams marks the boundary between two till 
sheets (tentatively “Champaign” and “Shelby- 
ville” respectively). (See Gooding, 1957, p. 19- 
23, Figs. 4, 5, Pl. I.) The Miami soils to the 
north are developed in till that overlies the pre- 
sumed paleosol; the Russell soils to the south 
are developed in till that, according to the pub- 
lished interpretations of the workers previously 
mentioned, must be of the same age as the 
stratified drift in which the suggested paleosol 
is developed. The greater depth of leaching of 
the Russell soils might seem to support the in- 
terpretation of a soil-forming interval between 
these two till sheets. However, the nature of 
the parent material, especially the thickness of 
loess mantles, is important in evaluating depths 
of leaching. 

Gooding (1957) found that the depth of leach- 
ing on glaciofluvial terrace surfaces of the same 
level, and of the same age, varied directly with 
the thickness of the loess mantle. This relation- 
ship was found also on the till uplands in the 
area of Miami soils. The depth of leaching of the 
Russell soils averages about 134 times that of 
the Miami soils; this corresponds to differences 
in the thickness of the loess mantle on Russell 
and Miami soils. Miami-like soils occur at places 
in the area of Russell soils and, to a lesser ex- 
tent, a few patches of Russell-like soils occur in 
the area of Miami soils, depending on the 
thickness of the loess mantle. Thus, we think 
that variations in the thickness of relatively 
fast-leaching loess is more responsible than is 
the time factor for the difference in depth of 
leaching between the areas of Miami and Russell 
silt loam soils. 

Evidence from terrace studies in the White- 
water basin (Gooding, 1957) suggests that the 
time intervals between the post-Sangamonian 
glaciations in the basin were probably short and 
cool. Ice blocks up to three quarters of a mile 
across, believed to have been vestiges of the ice 
sheet that deposited the drift on which the 
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Russell soils are developed, were buried in the 
valley train associated with the advance of the 
ice that deposited the drift on which the Miami 
soils are developed. These ice blocks remained 


GOODING ET AL.—POST-SANGAMONIAN DRIFT 


at least three (the first may consist of two) 
post-Sangamonian tills regionally in the isin 
(Gamble, 1955, M. S. Thesis, Earlham C - ‘ege, 
44 p.; Gooding, in preparation). The oper 


Miami silt loam soil. 
Soil developed through 
loess into till. 


/ Calcareous oxidized 
highly jointed till. 
Leached brown clay 
concentrated along 
joints. Inclusions 


and some surrounding 
till leached. 


Leached clay-enriched 
gravel with dolomite 
ost 


Leached medium sand 
with some brown olay. 
Calcareous medium sand 
with irr ar leached 


and clay-enriched 
at botton. 


Partially leached gravel 
with some brown clay. 


Calcareous sand and 
gravel. 


FicurE 1.—SEcTION SHOWING THE RELATIONSHIP OF LEACHED, CLAY-ENRICHED ZONE IN 
OvuTWASH TO SURFACE Sor AND JOINTS IN OVERLYING TILL 


Section exposed along creek bank in NE 14, SW 4, Sec. 15, T.14 N., R.1 W., Wayne County, Indiana. 


frozen while the ice melted back a short distance 
and then readvanced to Leverett and Taylor’s 
(1915) “Bloomington” moraine position at the 
head of the basin. A scour surface formed by 
meltwater from the “Bloomington” ice partially 
exhumed some of the blocks of ice buried earlier. 
Their subsequent melting produced kettles, 
some of which lie on the escarpment between 
the valley-train terrace level, and the ““Bloom- 
ington” scour terrace level. Thus, buried ice 
blocks apparently existed in valleys during the 
assumed interval of paleosol formation. 

If the time interval between the glaciations 
that deposited the drift on which the Russell 
and Miami soils are formed was warm and long 
enough—estimated at 16,000 years by Flint 
and Rubin (1955, p. 4)—to permit the develop- 
ment of Fox soils similar to those found at the 
surface in the area today, then certain gravel- 
terrace soils beyond the Miami-Russell soil 
boundary should have very deeply leached 
profiles. No such deeply leached gravel-terrace 
soils of post-Sangamonian age exist in the 
Whitewater basin. Deep leaching on White- 
water terraces is confined to deep “backwater” 
silt deposits. 

The detailed stratigraphic studies in the 
Whitewater basin so far indicate that there are 


till does not extend south of the Miami- 
Russell soil discontinuity, but the other two 
extend well to the south of this line. Thin 
zones of leaching and clay accumulation, with 
a few more deeply penetrating leached tongues, 
have been observed at many places in outwash 
beneath post-Sangamonian till far south of the 
Miami-Russell soil discontinuity, as well as be- 
neath the uppermost post-Sangamonian till 
in the area of Miami soils. In addition, similar 


leached, clay-enriched zones in outwash sand/ 


and gravel lie beneath thin till at Winchester, 
Indiana, on a terrace of the White River. 
This till is more clayey than the till south of 
Leverett and Taylor’s (1915) “Bloomington” 
moraine in the Whitewater basin and surely 
is younger. Thus, the authors believe that 
these leached, clay-enriched zones in outwash 
beneath till are related to the existing land- 
scape and surface soils and occur at various 
stratigraphic horizons. 

In all places where the authors have observed 
the leached, clay-enriched zones in outwash, ‘i¢ 


overlying calcareous till is thin, thoroughly 


oxidized, and well jointed. This has also been 
noted by Dr. Guy D. Smith (Oral communica 
tion). Figures 1 and 2 illustrate two exposure 
that show some interesting features bearing 0 
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Evidence leading to this same interpretation 
is seen at the location shown by Figure 2: 
(1) The thin till (2) in this exposure is 
thoroughly oxidized and well jointed. Clay is 


the origin of the leached, clay-enriched zones in 
outwash beneath calcareous till. 

At the locality shown by Figure 1, the fol- 
lowing features are important: 


Eroded Fox silt loan soil. 
Medium sand, leached, 
contains considerable 
brown clay. 


Calcareous oxidized 
till with many joints. 
Rectangular till blocke 
in highly jointed zone 
partially to completely 
leached and coated with 


~ thick brown clay. 


Sandy pebble gravel. 
Thin zones of leaching 
and clay accumuletion 
below jointe and highly 
fractured zone. Leaching 
discontinuous between 
joints. 


FicuRE 2.—SECTION SHOWING THE RELATIONSHIP OF LEACHED, CLAY-ENRICHED ZONE IN 
OvutTWAsH TO SURFACE SOIL AND JOINTS IN OVERLYING TILL 


Section exposed in gravel pit north of Cambridge City, Indiana, in the SW corner, Sec. 23, T.16 N., 
R12 E. 


(1) Stratification is well preserved in the 
leached, clay-enriched zones, especially in the 
sand units. Also, the leaching and clay ac- 
cumulation is variable from one unit to another. 
The sand unit (4) is only partially leached at 
the bottom; the overlying and underlying units 
(jand 3) are more thoroughly leached and are 
ticher in clay. These features are not normal 
characteristics of the B horizon of a Fox soil. 

(2} The joints in the thin oxidized till (7) 
ae lined with dark-brown, noncalcareous clay, 
and they extend visibly into the underlying 
kached gravel (6). Leaching is most nearly 
complete, and there is more clay, adjacent to 
the joints than away from the joints in unit 6. 

(3) Two leached sand inclusions were found 
in the overlying till (7), but both were bisected 
by joints, and some of the till around one of the 
inclusions was leached. 

The evidence at the location shown in Figure 
| seems to indicate clearly that leaching of the 
outwash (units 3 through 6) beneath, and the 
snd inclusions within, the till (7) occurred 
after the deposition of till (7), not before. Thus, 
the leaching and clay accumulation beneath till 
$an extension of the present surface soil and 
lot a remnant of a buried paleosol. 


rich along these joints in the till (2) and in the 
leached sand gravel (1) immediately beneath 
them. Leaching in the outwash is discontinuous 
laterally between joints. 

(2) At one place the thin till is strongly 
jointed into rectangular blocks. These blocks of 
till are partially to completely leached and 
covered with heavy dark-brown clay coatings. 
A leached, clay-enriched tongue extends from 
the overlying leached sand (3), through the 
highly jointed area in the thin till (2), and 3 
feet down into the underlying outwash (1). 

At the locality shown in Figure 2, the leached, 
clay-enriched zone in outwash beneath cal- 
careous till cannot be a remnant of a paleosol 
but is an extension of the B horizon of the 
present surface soil through joints in the thin 
till (2). 

Another point believed to be significant is 
that, to our knowledge, a complete Fox-like 
soil profile has never been found beneath till in 
the area considered. 

We believe it significant also that no buried 
zone of leaching and clay accumulation has been 
found in till considered to be of post-Sanga- 
monian age anywhere in the area, except at the 
Sidney, Ohio, cut. 

We have visited and studied the Sidney, 
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Ohio, cut on two occasions. We believe that the 
paleosol developed in till at this section (see La 
Rocque and Forsyth, 1957, Fig. 2) is only the 
lower part of a truncated soil whose total pre- 
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cut. Figure 3 is our modification of, and addi. 
tion to, La Rocque and Forsyth’s (1957, Fig. 2) 
descriptions of this section. We discovered g 
zone of leaching and clay accumulation 6 inches 


Surface soil. Developed 
through loess into till. 


Caloareous oxidized 
4 till of a loam texture, 


becoming more sandy and 
pebbly nesr the bottom. 
Joints in till contain 
leached brown clay. 


Leached sand with much 
noncalcareous brown cley. 


Coerse send mostly leached, 
except for some coarse 
dolomite grains which are 
partially leached. Consider- 
able brown clay. 


Sand and pea gravel. Mostly 
leached, except for larger 
dolomite grains. Consider- 
able brown clay. 


Medium sand. Partly leached 
in places, with abundant 
dolomite grains still 


‘ | \ present. Some brown clay. 


Till. Surface has lag 
concentration of boulders. 
Upper two feet oxidized and 
mottled grayish brown and 
yellowish brown. Lower two 
feet gray, unoxidized, 
exceot along cracks. Till 
contains wood fregments. 


Bottom part of truncated 
soil. Leached 2-4 feet. 


See La Rooque and Forsyth, 
7, pe 83 for the rest 
of this section. 


FicurE 3.—Tue AvuTHor’s MODIFICATION OF, AND ADDITION T0, LA RocguE AND Forsytu’s 
(1957, Fic. 2) DEscrIPTION OF THE SIDNEY, OnI0, CuT 


truncation depth of development may have 
been more than twice the thickness of the 
present zone of leaching, which is locally as 
much as 3-4 feet. We believe that the soil- 
forming interval was considerably longer than 
the 16,000 years suggested by Flint and Rubin 
(1955, p. 4). Therefore, if the widely occurring 
zones of leaching and clay accumulation in out- 
wash beneath till are remnants of a Fox-like 
paleosol correlating stratigraphically with the 
zone of leaching in till at the Sidney, Ohio, cut 
(as suggested by Goldthwait, 1955; Flint and 
Rubin, 1955; Forsyth and La Rocque, 1956; 
La Rocque and Forsyth, 1957; Flint, 1957; 
Forsyth, 1957), they would be much more 
weathered and deeply developed than is the 
case. 

There is a more serious basis for questioning 
the interpretations which the previously men- 
tioned workers have given to the Sidney, Ohio, 


to 2 feet thick at the top of the sand and gravel 
(7) beneath the oxidized and jointed “pebbly 
till” (8). This leached, clay-enriched zone in 
units 7a through 7d is identical with others 
found regionally in the area that are correlated 
by the previously mentioned workers with the 
truncated paleosol developed in till 5 but is here 
separated from till 5 by another till (6). 


Conclusions 


We believe that the post-Sangamonian 
leached, clay-enriched zones in outwash be- 
neath calcareous till in southwestern Ohio and 
southeastern Indiana are related to the present 
landscape and are extensions of the present sur- 
face soils. The sands and gravels have been 
leached and illuviated by water that has passed 
through present surface soils and joints in the 
thin overlying calcareous till. They occur a 
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gveral stratigraphic horizons in this area and 
can be expected wherever the necessary condi- 
tions of good drainage through jointed surface 
tillon outwash exist. The interpretation of these 
kached, clay-enriched zones in outwash be- 
neath calcareous till as paleosols will inevitably 
lad to erroneous conclusions. ; 
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LEACHED, CLAY-ENRICHED ZONES IN POST-SANGAMONIAN DRIFT 
IN SOUTHWESTERN OHIO AND SOUTHEASTERN INDIANA: 
A REPLY 


By Ricwarp P. 


Gooding, Thorp, and Gamble (1959) chal- 
jnge a paleosol hypothesis, which has been 
under study and test in southwestern Ohio by 
gveral geologists and pedologists for 10 years. 
We have withheld full publication pending fur- 
ther proof either for or against this hypothesis. 
Observations now embrace more than 50 sec- 
tins. Unfortunately many of these sections 
come and go with the power shovel. At first we 
were loath to believe that buried leached clay- 
enriched zones could be paleosols. Some clay- 
lined joints were observed in the till above. 
Little by little we swung toward the paleosol 
hypothesis, because of (1) horizontal continuity 
for 100-200 feet and depth to 4 or 5 feet of this 
kached clay-enriched zone in a few places and 
(2) the significant thickness of blue unoxidized 
till seen over a few of those “‘paleosols’’. In some 
places we are unable to find vertical cracks, or 
those present have no clay skin, yet the clay- 
enriched zone below is widespread. Is till 8 or 
)feet deep too thick for surface development of 
lays? 

The Ohio stratigraphy is no longer tied to a 
imple Russell-Miami soil line, as implied by 
Gooding e# al. Full-time professional soil workers 
(Stout, Petro, Holowaychuck, Dotson) have 
found a deep Russell soil in small areas along 
the outer Wisconsin moraines of the Scioto lobe 
in Ohio, and these may be “early Wisconsin’’, 
ie, equivalent to the “paleosol” in question. 
Esewhere, in both the Miami and Scioto lobes, 
(“dates show only one ice sheet advancing to 
the outer moraine (Goldthwait and Burns, 
1958) culminating 17,000-19,000 years ago. 
The new soils distinctions, shallow Russell (67s), 
deep Miami (60), or shallow Miami (6B), all 
tlate to halts, minor readvances, and varying 
loess cover long after formation of the “paleo- 
wl” in question. This is irrelevant to the 


preclassical Wisconsin-post-Sangamon stratig- 


raphy as we now in interpret it. 

Ohio workers have admitted for a long time 
that the lack of any one good buried A horizon 
and the occurrence of leached clay-enriched 
wnes solely in stratified deposits cast question 
on the paleosol hypothesis. We believe, how- 
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ever, that in some places in Ohio the “‘paleosol’”’ 
does have a typical B2 horizon like present Fox 
soils. At many places we see good sand-gravel 
stratification going into and through the leached 
clay-enriched pendants both in modern Fox 
soil, as at Scippio Creek (Goldthwait, 1955, 
Stop 17A), and in the “‘paleosol.”’ It is difficult 
for us to see how “these features are not normal 
characteristics of the B horizon of a Fox soil,” 
as Gooding et al. state. 

At Sidney, Ohio, several years ago we found 
leached gray sand masses at the top of the 
buried soil; these seemed to be a disturbed 
macerated A zone. As already published 
(Forsyth and La Rocque, 1956) and soon to be 
published in more detail the rest of this paleosol 
more closely resembles classical Wisconsin 
profiles known in central Ohio. The fossil zone 
below seems to indicate a Wisconsin interstadial 
date. Therefore, we disagree with the analysis 
of the Sidney cut. The discovery of a leached 
clay-enriched zone at Sidney by Gooding et al. 
is a new contribution. Compared to some other 
possible paleosols in Ohio this one has few soil- 
like characteristics (horizontal extent, pendants, 
vertical zonation); we suggest that it probably 
developed from the surface downward. How- 
ever, several other cool-climate peats resting on 
weathered zones in till near by must represent 
long-exposed surfaces (Goldthwait and Burns, 
1958). We believe that these peats and the main 
Sidney paleosol may indicate a post-Sangamon 
preconventional-Wisconsin interval, regardless 
of the origin of leached clay-enriched zones. 
The evidence that convinces us of a mid- 
Wisconsin interval of retreat (pre-27,000 B.P.) 
is in till cuts at Sidney, Brush Creek, and 
Hamilton, not in these Fox-like “‘paleosols’’. 

Scioto Valley in Ohio, like the Whitewater 
Valley in Indiana, does not exhibit any terraces 
that contain soil intermediate between Wis- 
consin (Fox) and Illinoian (Park); however, 
Paint Creek tributary and Hocking Valley, 
Ohio, do have some terraces intermediate in 
depth of leaching and intensity of B-zone clay 
accumulation (Kempton and Goldthwait, in 
press). European glacial workers, analysts of 
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sea-floor sediments, and recent students of 
Southwestern Lakes now tell us that the last 
long glacial stage began at least 50,000 or 
60,000 years ago, not 30,000. We believe that 
these Hocking Valley terraces may record the 
early (Wurm I) part of this period. 

This reply is not a denial of the probable 


‘ surface origin of phenomena in Figures 1 and 2 


of Gooding e¢ al. but an appeal to keep an open 
mind on similar phenomena. We believe further 
distinction is needed. Misinterpretation in 
either direction will lead to very erroneous con- 
clusions! 
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n. Pleis- 
) p. GRAVITY ANOMALIES OFF THE WEST COAST OF NORTH 
AMERICA. 1: SEAMOUNT JASPER 
, Erling, By J. C. Harrison AND W. C. BRISBIN 
n Post. 
wen Seamount Jasper is an approximately conical _ result if the sea water were replaced by rock of 
ae, yak rising 1900 fathoms from an irregular an assumed density. The value of the Bouguer 
in press, | ocean bottom of about 2200 fathoms average anomaly would be independent of the presence 
ing and | d:pth. It lies about 320 nautical miles southwest of the seamount if the true density were used 
ur. Sci, | of San Diego, California, and was chosen for and if there were no anomalous masses beneath 

the present study because the return trip from the seamount. Systematic variations in the 
— San Diego and the survey could be made within anomalies over the seamount can mean either 


the 5-day period for which a submarine could 
‘ary op § te made available. It is the only seamount for 
which this is true and which had been previously 
dredged and surveyed topographically (Men- 
ad, 1955, p. 1159-1160; Fig. 8), with the excep- 
tion of the San Juan Seamount which may not 
te typical because of its proximity to the conti- 
rental slope. Menard’s (1955, pl. 1) chart of the 
bathymetry in the vicinity of the Murray frac- 
ture zone shows the position of Seamount Jasper 
in relation to the regional bathymetry. 

The gravity measurements used in this study 
vere taken on board the USS Baya in 1954 and 
have been described and the anomalies pub- 
lished by Harrison, Brown, and Spiess (1957). 
Amarker buoy was anchored near the summit 
of the seamount before the start of the survey, 
and the station positions are known relative to 
his buoy with considerably greater accuracy 
than are their latitudes and longitudes. Unfor- 
tunately no very accurate fixes were obtained 
while the submarine was in the close vicinity 
if the huoy, and the published station co-or- 
dinates depend on the position of the summit 
ietermined during the earlier topographic sur- 
vtys by the Scripps Institution of Ocean- 
ogaphy and the Naval Electronics Laboratory. 
The interpretation, however, depends mainly 
on the relative accuracy of the measurements, 
which may be as high as +2 mgal for the free- 
ait anomalies. The positions of stations used in 
this interpretation are shown in Figure 1. 

A profile of free-air anomalies (Fig. 2) shows 
‘large increase in anomaly over the seamount. 
This is to be expected as the seamount is a mass 
| ot the sea floor much nearer the observing sub- 
marine than any possible associated masses. The 
direct effect of the seamount can be removed 
ty using the Bouguer anomaly in which a topo- 
maphic correction is added to the free-air anom- 
alies, equal to the increase in gravity that would 
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that the incorrect density has been used in 
computing the topographic corrections or that 
there is an anomalous mass associated with 
the seamount. The Bouguer anomaly used in 
this investigation is the modified anomaly in 
which the topographic correction is made for 
the assumed density out to a distance of 100 
miles from the station. More distant topog- 
raphy is assumed to be of density 2.67 gm/cc 
and to be compensated according to Airy’s 
hypothesis for a crustal thickness of 30 km. The 
attraction of this topography and its compen- 
sation amount to about 30 mgal in the neighbor- 
hood of the seamount, but it changes by only 4 
mgal along the profile AB. The profiles in Figure 
2, computed for assumed densities of 2.67 and 
2.5 gm/cc, show a mimimum over the sea- 
mount; when a density of 2.1 gm/cc is assumed 
the profiles show a maximum over the sea- 
mount. For a density of 2.3 gm/cc the anomaly 
is not influenced by the presence of the sea- 
mount, indicating that the gravitational effect 
of the seamount can be explained entirely if it 
has this density. 

The method of least squares can be used to 
find the density for which the value of the 
Bouguer anomaly varies least and to estimate 
the uncertainty of this determination. If the 
topographic correction for Hayford’s zones A 
to O is T when computed for a density of 2.67 
gm/cc, the correction for any other density, d, 
is (d — 1.03)/(2.67 — 1.03) X T = KT, where 
K is a function of d. The attraction of topog- 
raphy outside zone O, and of its compensation, 
was added to the free-air anomalies to give a 
modified free-air anomaly, A. If the Bouguer 
anomaly does not vary over the seamount then 
A + KT = constant. The data for stations 
11-28 were solved by the method of least 
squares to determine the best value for K. This 
proved to be 0.7484, corresponding to a density 
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of 2.28 gm/cc. The calculated standard devia- 
tion is 0.04 gm/cc. 

The differences between the modified Bou- 
guer anomalies for a density of 2.3 gm/cc and 
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of 2.3 gm/cc for the rock composing the sea- 
mount appears very reasonable, although this 
density is much less than could be assumed for 
a nonvesicular rock of the same type. 


o+3 


+4 


FicurE 3.—DIFFERENCES BETWF=N MODIFIED BOUGUER ANOMALIES FOR 2.3 GM/cC 
DENSITY AND THE MEAN ANOMALY AT STATIONS 11-28 


their mean value at stations 11-28 are shown in 
Figure 3. These are generally quite small. The 
uly two worthy of note are at stations 15 (+10 
ngal) and 22 (—9 mgal). The root mean square 
value of the other anomalies is 3.1 mgal, and 
they can be readily accounted for by errors in 
the determination of the free-air anomalies and 
ihe topographic reductions. The anomalies at 
‘ations 15 and 22 are probably real but remain 
explained. 

The single assumption that the seamount is 
made of rock of average density 2.3 gm/cc is 
Suficient to give a very good account of the 
observed gravity field. This value is in good 
agreement with Woollard’s (1951) conclusions 
concerning the density of the island block be- 
neath Oahu. The samples dredged from the 
samount are vesicular basalts consisting of 
plagioclase laths in a glassy groundmass which 
has been replaced in part by goethite and a 
litle hematite. The density of these samples is 
105 gm/cc, and the seismic P wave velocity, 
kindly determined by Leon Knopoff, is 3.7 km/ 
%c. These densities and velocity are somewhat 
bower than that to be expected for the entire 
“amount as the available samples are highly 
vesicular and physically altered. A mean density 


Many other solutions of the gravity problem 
are possible. If one assumes that the seamount 
is of density 2.67, the pattern of modified Bou- 
guer anomalies shows a circularly symmetrical 
minimum centered over the seamount. This is 
consistent with an anomalous body beneath 
the seamount. The modified Bouguer anomalies 
for a density of 2.67 gm/cc are plotted as a 
function of distance from the center of sym- 
metry of the seamount (which is slightly to the 
east of its shoalest point) in Figure 4, and the 
solid curve shows the anomaly produced by a 
sphere which has its center at a depth of 13 
km below sea level and which has a mass defi- 
ciency of 1.1 X 10!8§ gm. The root mean square 
scatter of the anomalies from this curve is about 
the same as the root mean square scatter of 
the anomalies calculated for a density of 2.3 
gm/cc, so the two solutions fit the gravity data 
equally well. Whatever value is assumed for the 
density of the seamount, within the range of 
geologically plausible values (2.1-2.9 gm/cc), 
it will be possible to find a mass beneath the 
seamount to explain the Bouguer anomaly 
field. For a density of 2.3 gm/cc there is no need 
to assume any anomalous mass beneath the 
seamount. The interpretation of the anomalies 
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which indicates a density of 2.3 gm/cc for the 
seamount is in good accord with Woollard’s 
result for Oahu and with the vesicular character 
of the dredged samples, but it is not unique. The 
mass and shape of the additional body that 


leaving out those stations on, or at the foot of, 
the seamount, is —29 mgal, the mean Airy- 
Heiskanen isostatic anomaly for T = 20 km js 
—24 mgal and for T = 30 km is —19 mgal 
Undoubtedly there is a regional mass deficit 


7 230 mgal. 
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Figure 4.—MopiFiep BouGuER ANOMALIES FOR 2.67 GM/cc DENsITy PLOTTED AS A FUNCTION 
oF DISTANCE FROM CENTER OF SYMMETRY OF SEAMOUNT JASPER 


Radius of sphere producing solid anomaly curve is calculated for a density deficit of 0.33 gm/cc 


must be assumed if the seamount does not have 
this density are not readily specified, as many 
mass distributions can be found to fit the data 
well enough. 

The volume of the seamount above the 2200- 
fathom line is 7.8 < 10" cc, and thus the load, 
calculated for a body of density 2.3 gm/cc im- 
mersed in sea water, is about 10!8 gm. For a 
density of 2.67 gm/cc the load is 1.3 X 10!8 gm, 
but this is almost exactly balanced by the mass 
deficit below (1.1 < 108 gm), and the seamount 
is in a sense compensated. However, none of 
the mass distributions assumed on any of Airy’s 
or Hayford’s hypotheses for which tables exist 
fit the data as well as the spherical mass. The 
maximum stress differences required to support 
the seamount, if it is a load of density 2.3 gm/cc, 
are about 4 X 108 dynes/sq cm, and, because 
of its small radius, stress differences of this 
order of magnitude need not extend to a depth 
of more than a few tens of kilometers. These 
stress differences are less than the usually ac- 
cepted strengths of crustal rocks near the sur- 
face, so there is no reason for thinking that the 
seamount must be compensated. 

The free-air and isostatic anomalies at the 
stations around the seamount are uniformly 
negative, with a mean value of about —20 mgal 
relative to the International Gravity Formula. 
The mean free-air anomaly at stations 11-28, 


equivalent to about 20 mgal attraction in an 
area surrounding Seamount Jasper extending 
as far as the present survey. 

This deficit may, or may not, be associated 
with the large number of seamounts in the area. 
Suppose that material of 3.3 gm/cc density be 
withdrawn uniformly from beneath an area 60 
miles in radius, the sea floor subsiding a distance 
equal to the thickness of the layer of material 
removed. Some 2.7 X< 10'* gms of material, 
equivalent to a layer 210 m thick, must be re- 
moved in order to produce a regional anomaly 
of —20 mgal, which may be compared with the 
mass of volcanic rock in the four seamounts and 
a probably volcanic ridge within a 60-mile 
radius of the summit of Seamount Jasper. The, 
estimated volume of these features is 2.6 X 10° 
cc, and the mass of volcanic rock calculated | 
from this figure lies between 5 and 6 X 10° gm. 
A range of values is possible because it is not 
known whether the vesicles in the rock contait 
sea water. In either case the mass of rock is only 
about one-fifth of the 2.7 x 10% gm needed, 
according to the hypothesis described above, 
to explain the widespread negative gravily 
anomalies. 

It is not possible to explain more than a frac- 
tion of the regional negative anomaly in terms 
of the mass deficit produced by material ex 
truded as seamounts. The observation that the 
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regional depth of the Baja California seamount 
province is about 500 m less than that of the 
Deep Plain to the north, where seamounts are 
very much less common (Menard, 1955, p. 

1158), also contradicts the hypothesis that the 
sa floor subsides as material is removed at 
depth and extruded as volcanic rock. However, 
the hypothesis that lighter material, which is 
till in large part present, was formed at depth 
beneath the Baja California seamount province 
prior to the extrusion of the seamounts can ex- 
plain both the regional negative anomaly and 
the decrease in depth of the province. The ex- 
pansion of the material at depth, which may 
have been caused by partial melting, would 
have caused the ocean floor to rise. The displace- 
ment of sea water by the upward movement of 
the sea floor would have produced a regional 
mass deficit—a rise of 500 m would have dis- 
placed 500 m of sea water and produced a re- 
gional negative anomaly of about 20 mgal. 
Extrusion of magma would cause the sea floor 
to subside once more, but, if only a small pro- 
portion of the lighter material were extruded 
during the period of volcanic activity, the net 
eflect would still have been a raising of the sea 
floor. 

The problem of the negative anomalies sur- 
rounding seamount Jasper is not an isolated 
one. J. L. Worzel (1957) reports that, in the 
Atlantic Ocean, the free air anomaly over the 
area between the United States, Bermuda and 
the Caribbean Islands averages about —40 
mgal, and that (personal communication) un- 
published data in the Pacific Ocean shows that 
large areas here also are characterised by 
negative free air anomalies. 

Raitt (1956) finds that the thickness of the 


crustal layers in the central Pacific does not 
vary systematically with the depth of water. He 
concludes (p. 1637) that “this indicates that 
isostatic compensation is not accomplished in 
these areas by a simple increase in the thick- 
ness of the first three layers”. The idea, that, 
over the oceans, the regional variations in bath- 
ymetry and gravity field are related to den- 
sity changes at depth possibly associated with 
the formation of magma is an interesting one 
for further consideration when more gravity 
and seismic data become available. 
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In his summary of the geology of Western 
(uebec and adjacent parts of Ontario, Wilson 
(956) discusses, among other things, the 
Tmiskaming—-Grenville relations east of Lake 
Temagami, Ontario. He made a few field ob- 
gations in this area, which had been pre- 
viously studied and reported on (Johnston, 
54a). Apparently, because of lack of time and 
tearduous trips to reach them, Wilson did not 
vait the critical outcrops found and described 
ty the writer, and hence limited field observa- 
tims in this area have influenced his summary 
i Todd’s and the writer’s work to a point of 
mking it a somewhat distorted account. 

Wilson is in complete disagreement with the 
miter’s observation that a complex zone of 
rust faults of major tectonic significance 
oms the boundary of the Timiskaming and 
jrenville subprovinces in this area. 

Part of Wilson’s discussion considers linear 
valleys. He states (p. 1421): “The occurrence 
if linear valleys on or near this boundary 
Timiskaming-Grenville contact], therefore, is 
‘ot So important as Johnston believed”’. 

There is no mention of linear valleys in this 
waper, much less any conclusions based on them 
s Wilson states. It would appear Wilson has 
onfused linear valleys, a superficial geomorphic 
rm, with lineation, an important structure 
mithin the rocks. 

In the area in question there are a great many 
linear valleys as there are practically every- 
where in the Canadian Shield. However, in this 
area, as the writer has pointed out (Johnston, 
1954a, p. 1052), there is commonly continuous 
outcrop across these valleys, and faults are 
readily discernible in the northeast-trending set. 
They are not drifi-filled as Wilson (1956, p. 
1419) implies. 

As Wilson points out, linear valleys have the 
same general trend great distances from the 
‘Timiskaming-Grenville contact; so do the 
‘fracture patterns of the rocks, as the writer 
\¢mphasized (Johnston, 1954a, p. 1049; 1954b, 
p. 8). The uniformity and similarities of frac- 
tures and joint patterns over a large portion of 
the Timiskaming subprovince (which controlled 
he subsequently uniform linear valley pattern) 
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is not due to coincidence as Wilson advocates 
but is probably due to some relationship of 
these fractures to the deformation (faults) at the 
contact of the Timiskaming and Grenville sub- 
provinces. 

As opposed to the conclusion that the faults 
at contact of the subprovinces are major 
thrust faults, a conclusion arrived at after 7 
months of field work involving observations on 
and measurement of more than 3000 structures 
and the later analysis of these structures, 
Wilson from a few observations west of the 
main zone of faulting explains these faults as 
relatively minor and of little significance, and 
the result of intrusions of diabase and gabbro. 
He makes the statement (p. 1422) that: “The 
preponderance of evidence favors the conclusion 
that most of them [faults] are related to move- 
ments that accompanied the intrusion of the 
Nipissing and olivine diabase gabbro.”’ 

What the preponderance of evidence is Wil- 
son does not mention. To the writer there is 
convincing evidence that the intrusion of the 
diabase, or movements associated with its in- 
trusion, which there undoubtedly were, was 
not the cause of these faults for the following 
reasons: 

(1) Practically all the movement on these 
faults in the Timiskaming subprovince took 
place long before the intrusion of the diabase 
as has been pointed out (table of events, Pl. 2, 
Johnston, 1954a, and in a section devoted to 
the age of the structures). This conclusion is 
based on the regional distribution and intensity 
of deformation in rocks of various ages in the 
Timiskaming subprovince. However, in the 
portion of the Grenville subprovince concerned 
there are few rocks of definitely established age 
with which to date movement, and even the 
late olivine diabase dikes have been deformed, 
and the Nipissing diabase, if present, has been 
transformed to amphibolite by deformation 
(Johnston, 1954a, p. 1064). Observations in the 
area indicate that all deformations, regardless of 
age, produced the same fracture pattern and 
associated structures, as can be best seen from 
statistical equal-area plots of these structures 
(Johnston, 1954a, Pl. 4). These fracture pat- 
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terns, lineations, other structures, and the 
mineral fabric itself are the same in Proterozoic 
and Archean rocks, and their origins are inti- 
mately connected with the problem of the age 
relation of the Timiskaming and Grenville sub- 
provinces and at present must all be considered 
a part of this problem whether Archean, 
. Proterozoic, pre-Cobalt, pre-, or post-Nipissing 
diabase. At and near the boundary of the 
Timiskaming and Grenville subprovince there 
has been Proterozoic movement on faults, in 
the area in question and elsewhere; however at 
the present state of our knowledge it is wrong 
to assign all movement on these faults to the 
Proterozoic. In the area in question these faults 
are major structures and consequently would 
be expected to have had a long and complex 
history. The writer believes the major move- 
ment is pre-Cobalt and could well be Archean 
(Johnston, 1954a, Pl. 2). The Cobalt series was 
deposited on highly schistose Archean rocks 
and in valleys along these faults which later 
became active. 

The Nipissing and olivine diabase are the 
least deformed rocks in the area, and unde- 
formed chilled contacts of these rocks are found 
in contact with strongly deformed country rocks 
(Johnston, 1954a, p. 1064). Todd’s map, which 
covers part:of the area in question, illustrates 
that the intrusion of the diabase was controlled 
by earlier northeast-striking faults (Todd, 1925, 
p. 28). In fact much of the deformation was 
pre-Nipissing diabase, and pre-Cobalt. Wilson’s 
statement (p. 1421) that: ... ‘the close associa- 
tion of the more intense deformation in the re- 
gion with intrusions of diabase described by 
Todd and Johnston” ... is not a fair abstract 
from either Todd’s work or the writer’s. 

(2) More abundant and much larger intru- 
sions of Nipissing diabase occur northwest of 
the area in question, yet here deformation in 
the Cobalt series is practically lacking in con- 
trast to the intense deformation found along 
the eastern limit of the Cobalt series where it 
occurs nearest the Timiskaming-Grenville con- 
tact. 

(3) Northeast-striking faults adjacent to the 
diabase can be traced along strike to localities 
miles from known outcrops of diabase. Con- 
versely in the area mentioned in (2) above 
northeast-striking faults and associated struc- 
tures are not nearly so abundant or strongly 
developed, yet diabase is much more abundant. 

(4) If movements accompanying intrusion of 
the Nipissing diabase produced the northeast- 
trending faults as Wilson concludes then all 


other secondary structures in the area that 
analysis indicates are intimately related (John- 
ston, 1954a, p. 1063) must be of the same origin. 
The intrusion of rock such as the Nipissing 
diabase is generally considered associated with 
quiescence and tension which is the direct 
opposite of the writer’s observations that a 
shortening along a northwest-southeast axis 
took place as indicated by northeast-trending 
fold axes, flattening of pebbles and mineral 
grains, boudinage, and a well-developed south- 
east-plunging lineation parallel to tectonic 
transport in a northwest direction. Wilson does 
not explain the lineations and other structural 
features of the area or why massive granite of 
low-grade metamorphism and a highly con- 
torted gneiss in the amphibolite facies lie on 
either side of faults termed minor and local by 
him. 

Regarding the deformation in the Cobalt 
series Wilson states: ...“and most of the de- 
formation in the Cobalt sediments occurs ad- 
jacent to or near the contact of this diabase”. 
This statement is incorrect as can be seen from 
examination of the outcrops of Cobalt along its 
eastern extremity as at Ross Lake, east of 
Southwest Bay, Rabbit Lake, and at Rankin 
Lake. The deformation in the Cobalt series is 
not related to bodies of Nipissing diabase but 
increases to the southeast and is most intense 
at its eastern limit—.e., at outcrops nearest the 
Timiskaming—Grenville contact where in many 
cases it has been overturned to the west and 
dips under the older granite at faults marking 
its southeastern limit. To casual examination 
the Cobalt series may appear as scattered ero- 
sional remnants, in this locality, but these 
scattered erosional remnants are not due to 
absence of faulting, but to the fact that the 
basal member of the Cobalt series was deposited 
on a surface of mountainous topography. To 
quote Todd (1925, p. 29) it is probably fairer 
to quote too long a passage than too short a one 
as Wilson (p. 1420) appears to have done with 
this same quotation. 


“The contact between the sediments and the 


granite is parallel to the northeast-southwest lines 
of regional disturbance. This fact, taken in con- 
junction with the abundant evidence of movement 
in the region of the contact, suggests that the junc- 
tion of the two rocks lies in a fault zone in which 
the movement has been intense. The upthrown 
side is to the south, and the sediments originally 
resting on the granite have been removed by ero 
sion in the process of base levelling. Since the 
Cobalt series has been almost entirely eroded away 
to the south of this fault zone, it is probable that 
the displacement was very great”’. 
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Wilson emphasizes that the deformation is 
minor and local, whereas any information the 
writer obtained indicated it was regional. Ex- 
amination of the map or statistical diagrams of 
s¢ructures (Johnston, 1954a, Pls. 2, 4) indicates 
that the results of deformation are uniform 
throughout the area. From very limited obser- 
vations outside the area studied, lineation has 
much the same attitude from Sudbury at least 
as far north as Fabre township in Quebec a few 
miles north of the area in question where 
Pierre Mauffette (1953) concluded from de- 
tailed mapping that a fault forms the contact 
ofthe Timiskaming and Grenville subprovinces. 
Wilson did not comment on Mauffette’s 
findings. Still farther afield Wahl and Osborne 
found that structures 100 miles to the east have 
strong similarities to those in the area studied 
by the writer (Johnston, 1954a, No. 30, Pl. 4). 

Regarding delineation of the Timiskaming— 
Grenville contact Wilson states (p. 1421): “But 
this contact has been almost obliterated by the 
intrusion of the granodiorite and the successive 
phases of the potassic granite, and it cannot be 
fred so definitely as Johnston has indicated’. 
There is truth in the above statement as has 
ben pointed out (Johnston, 1954a, p. 1057, 
1067); however, because faulting is post granite 
md the contact is a major fault there are 
lcalities such as Hangingstone Lake where the 
contact can be established within a few feet. 
Detailed mapping and petrographic study could 
very accurately define the contact, as the in- 
tease in the degree of recrystallization (meta- 
norphism) southeastward is, in reality, the 
tifierence and the fine point of distinction be- 
tween the two subprovinces at the contact in 
this area. 

One of Wilson’s arguments in refuting the 


presence of faults mapped by others at the 
Timiskaming-Grenville boundary is the dis- 
cordance of strike of these faults which is more 
westerly than the strike of the boundary. This 
apparent discrepancy is due to the common 
nonparallelism of faults and associated schistos- 
ity with the strike of the zone of dislocation to 
which they belong. This is evident from sections 
of this boundary which have been studied; 
faults actually transect the boundary and have 
been traced from one subprovince into the other 
(Johnston, 1954a, Pl. 2). 

To continue this reply further here or else- 
where can serve no useful purpose. The writer 
prefers to confine any further discussion to a 
verbal one at the critical outcrops in question 
with anyone so interested. 
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SOUTH END OF LAKE 


By M. E. 


Before considering the items in the writer’s 
pper discussed by Johnston, it will be helpful 
toreview briefly the geological background for 
the hypothesis that a continuous fault or fault 
moe of late Precambrain age extends from 
lake Huron northeastward for more than 700 
niles to Lake Mistassini in Quebec. In 1936 
¢.W. H. Norman suggested that northeasterly 
tending faults that intersect the Proterozoic 
(hibougarnau and Mistassini series in the Lake 
(hibougamau-Lake Mistassini area were re- 
ated to a fault extending from Killarney on the 
wrth shore of Lake Huron northeast for 24 
niles to timber berth 48, which Quirke (Quirke 
ind Collins, 1930, p. 38-39) had postulated 
joubtfully to explain the straight course of the 
‘undary of the intrusion of Killarney granite 
athat region. In 1947 Norman also indicated 
ifault (with broken symbols) beneath glacial 
iift covering the contact between Early Pre- 
ambrian altered volcanic rocks on the north 
ind banded gneisses to the south, in the Grand 
lake Victoria area, Quebec, about midway be- 
tween Lake Mistassini and the north shore of 
lake Huron. In its western part, this assumed 
ault is shown to bend south 55° to join a north- 
tly trending fault underlying the north arm of 
Grand Lake Victoria. In 1946 H. C. Cooke 
iescribed exposures of deformed chert and 
quartzite indicating a fault, in a creek valley 
wuthwest of South Coniston station in the 
Sudbury district, Ontario. In 1947 (p. 20) Cooke 
ina figure illustrating a description of the 
geology of the Canadian Shield, without addi- 
tional supporting field investigation, extended 
this fault southwest to Lake Huron and north- 


east to Labrador. In 1950 Derry and associates 


_ on the tectonic map of Canada, also without 


further field work, showed the fault to extend 


from Lake Huron to Lake Mistassini. Up to the 
lime of Johnstcn’s investigation, the existence 
of this major structure had been reported for 


only four localities, at two of which the evidence 
_ Sinconclusive, but, even if it be assumed that 


the fault exists in these two places, more than 
350 miles of the indicated length of 700 miles 
fmained in which the fault was not known. 
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HAVE THE SEDIMENTS OF THE COBALT SERIES NEAR THE 


TIMISKAMING BEEN 


DEFORMED INTO MOUNTAINS? 


WILson 


The writer examined the district east and 
west of the south end of Lake Timiskaming in 
1954, following Johnston’s study in that area, 
but prior to the publication of his paper, to 
determine (1) whether the sediments of the 
Cobalt series were cut off abruptly on the south 
by a Lake Huron-Lake Mistassini fault as indi- 
cated (with broken symbols) on the tectonic 
map of Canada, and (2) to review earlier obser- 
vations in that general region. The district ex- 
amined by Johnston lies within the heavily 
wooded Timagami Forest Reserve, where good 
rock exposures are restricted mainly to (1) the 
shores of lakes, (2) the rock cuts along the 
Ontario Northland Railway, and (3) the 
Ontario provincial highways and subsidiary 
roads. The writer saw the exposures of groups 
(2) and (3) but saw those of group (1) only 
where accessible from roads. The rocks adjacent 
to Rabbit Lake were not examined. These, how- 
ever, had been described by Barlow (1897, p. 
222-224) and Todd (1925, p. 29-30). Johnston 
underestimates the extent of the writer’s obser- 
vation in his map area and overlooks the fact 
that the writer’s earliest geological mapping 
was on the east side of Lake Timiskaming 
where the relationships of the Cobalt series can 
also be seen. 

At the beginning of his paper, Johnston in- 
cludes a map (PI. 1) showing the places where 
faulting has been reported or suggested to occur 
along the course of the assumed Lake Huron- 
Lake Mistassini fault. It could be inferred, 
therefore, that he undertook the examination 
of his map area with only post-Cobalt series 
deformation in mind. On the other hand, the 
statement in the abstract of his paper that 
“movement has taken place many times, the 
latest in late Precambrian” indicates that, de- 
spite the great structural unconformity that 
separates the Cobalt sediments from the deeply 
eroded granite on which they rest, he combined 
the post-Cobalt series (Proterozoic) faulting 
with the Archean Ottawa Mountains uplift, as 
if they were parts of a single orogeny. The 
writer in 1913 (p. 110) and 1918 (p. 56) pointed 
out that the belt of banded gneisses lying along 
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the northwest border of the Grenville subprov- 
ince “originally formed the core of a Pre- 
cambrian mountain chain’’, but the so-called 
Grenville front is assumed to be a Late Pre- 
cambrian thrust movement. The writer’s con- 
sideration of the Lake Huron—Lake Mistassini 
fault problem was, therefore, concerned mainly 
with Proterozoic deformation. 

The original Huron of Logan on Lake Timis- 
kaming, now known as Cobalt series, although 
extensively intruded by sills and dikes of dia- 
base or gabbro, except where adjacent to faults 
dips at low angles or is horizontal, and this 
condition persists to its southernmost exposure 
both east (Wilson, 1910, map) and west of Lake 
Timiskaming. It has not been deformed by 
folding or faulting into mountains. Further- 
more, the basal conglomerate member of the 
series rests unconformably on granite that in- 
trudes the banded gneisses of the Ottawa 
Mountains belt to the south. 

The Cobalt series, not only in the areas ex- 
amined by Todd and Johnston, but throughout 
the Lake Timiskaming region, is intersected by 
faults in many places. Most of these are normal 
faults; some are overthrusts. Because the Co- 
balt sediments have not been mountain-built 
and the gabbro-diabase is the only rock in- 
truding them, the thrust faulting is possibly 
related to these intrusions. Some observations 
favoring this hypothesis are: 

(1) Todd (1925, p. 30) states that the “‘in- 
tense earth movements” in the Rabbit Lake 
area (also examined by Johnston) occurred both 
before and after the intrusion of the Nipissing 
diabase. 

(2) Barlow (1897, p. 231) notes that the de- 
formation in (Cobalt) conglomerate on Rabbit 
Lake increases “as the mass of diabase or 
gabbro is approached”’. 

(3) In the Cobalt area, where a sill of diabase 
1000 feet thick has been intruded, thrust faults 
up to a maximum displacement of 550 feet occur 
(Knight, 1922, pt. 2, p. 12-16). 

(4) The intrusions of diabase or gabbro on 
Rabbit Lake continue southwest into the north- 
western part of Johnston’s map area where he 
shows faults intersecting the Cobalt series. 

Johnston’s comments refer to relatively minor 
details, but he overlooks the main problem—the 
age of mountain building. Because the Cobalt 
series rests with great unconformity on granite 


that intrudes the banded gneisses of the Ottaw: 
Moutain belt, and because most of the south. 
ernmost exposures of the Cobalt sediments have 
been neither recrystallized nor deformed, jt 
must be concluded that all the mountain build. 
ing in the area occurred before the Cobalt serie: 
was deposited and is of Archean age. The Early 
Precambrian mountain building and the loca) 
faulting in the Cobalt series are entirely dis. 
similar structural features separated in time by 
many millions of years of erosion and are al. 
most certainly different in origin. 
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By C. DEAN RINEHART, DONALD 


Introduction 


A thick section of metamorphosed Paleozoic 


"| and Mesozoic rocks is exposed in two roof pend- 


ants, one each in the Mount Morrison and 
Devils Postpile quadrangles in the eastern 
Sierra Nevada near Mammoth Lakes, Cali- 


i |fomia (Fig. 1). In the course of geologic map- 


ping in these quadrangles by the U. S. Geo- 
logical Survey in co-operation with the Cali- 
jomia Division of Mines, fossils of Ordovician, 


.i, [Pennsylvanian, Permian(?), and Early Jurassic 


yes were collected from weakly metamor- 
hosed parts of the pendants. Detailed map- 
ing in the Mount Morrison quadrangle has 

en completed by Rinehart and Ross, and a 
sort on this area is in preparation. Similar 
upping in the Devils Postpile quadrangle by 
Xinechart and Huber is in progress. In the part 
i the Devils Postpile quadrangle not yet 
overed in the present study, the contacts 
gown on the map (Fig. 1) are after Erwin 
1934). 

Because diagnostic fossils are extremely rare 
athe metamorphic rocks of the Sierra Nevada, 
tese fossils are considered important enough 
merit this short note prior to completion of 
te detailed mapping in the Devils Postpile 
qadrangle and the publication of more com- 
prehensive reports on the two quadrangles. 


Geologic Setting 


The metamorphic rocks crop out in two essen- 
tally discrete masses: a pendant in the Mount 
Morrison quadrangle called the Mount Mor- 


son pendant, and another in the Devils Post- 


pile quadrangle called the Ritter Range pend- 


| aut (Fig. 1). The metamorphic rocks constitute 


stratigraphic section more than 60,000 feet 
thick. Although the rocks are folded, faulted, 
and metamorphosed, they form an essentially 
homoclinal sequence that strikes northwest 
aid dips steeply southwest; primary sedimen- 
vury structures such as graded bedding and 
Cross bedding as well as the relative strati- 
graphic position of fossil-bearing beds indicate 
that the bedding tops are consistently to the 
West as far west as the North Fork of the San 
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Joaquin River. A major synclincal axis lies 
just west of the North Fork, and west of this 
axis the section is reversed with tops to the 
east. The oldest rocks, which constitute the 
easternmost parts of both pendants, consist 
wholly of metasedimentary rocks of Paleozoic 
age and are overlain by a thick sequence of 
metavolcanic rocks of Mesozoic age that crops 
out in the western part of the Mount Morrison 
pendant and in most of the Ritter Range pend- 
ant. 

Paleozoic stratigraphy in the Mount Morrison 
pendant.—The Paleozoic sequence is best pre- 
served in the Mount Morrison pendant and can 
be divided into three groups of formations ap- 
proximately 14,750, 10,500, and 7250 feet 
thick, respectively, from the base to the top. 
The bottom group is apparently conformable 
with the middle group, and the middle and top 
groups are in fault contact. These thicknesses 
are somewhat in excess of those originally re- 
ported by Rinehart and Ross (1954, p. 1297) 
prior to completion of a study of the Mount 
Morrison pendant. 

The lowest (easternmost) group of strata 
consists of alternating thin-bedded pelitic horn- 
fels, slate, marble, and calcareous quartz sand- 
stone with about 1500 feet of marble at the 
base. This group locally contains graptolites of 
Ordovician age; Early Ordovician (Arenig) 
forms occur east of Middle to Late Ordovician 
(Caradoc) forms. 

The middle group is dominantly composed 
of alternating pelitic hornfels and calcareous 
quartz sandstone. No diagnostic fossils have 
been found within this group. 

The upper (westernmost) group consists 
dominantly of pelitic hornfels with a distinctive 
marble formation 500 feet thick and 2000 feet 
above the base. Fossils of Pennsylvanian age 
occur in this marble, and fossils of Permian(?) 
age occur in hornfels stratigraphically above the 
marble. 

The distribution of the lithologic types and 
the relative stratigraphic positions of the fos- 
sil-bearing zones, which have been used for 
dating the Paleozoic sequence, are indicated in 
Figure 2. 


e Ottawe 
1€ south. 
nts have 7 
rmed, it 
‘in build. 
he Early : 
the local 
irely dis. 
d are al 
logy ang 
od by the 
ets, com : 
Nipissing 
Quebec | 
10, pt 
geology 
p. 
of 
Canada 
c map of 
rica 
iskaming- 
‘imagami, 
| | 
adjoining} 
, 4th ser 
= 


SIOZOSAW 


910Z041Vd 


Ficur 


RINEHART ET AL—EASTERN SIERRA NEVADA 


VINUOAITVD ‘NOIOTY SAAV’] HLOWAVI JO 


ayo] yaus09 MK XX KAM x xix x 

S@sUOWWO @ x xx SS KK x xx KK 
2 Aspjuawipasoyaw G Y x x x xx KX X 

O xxx A 
aK x « x 
pijos x x » 
$4904 AsDjuawipas xX KR 
=z —Ojaw pappaqiajul x x aK x Upp 
"$4904 Pre « VG x 
x x x AR 
x 4 @ x 
$490) 100 x 
Pug fy) Lp, * 
N ky K 
x = x 
NOILVNV1dX3 x Wx x 


942 
* 
| 
| 
a 
> q 
= 
ae 


SHORT NOTES 943 


Dominantly metavoicanic flows and 
layered tuffs with minor metavolcanic 
breccia and calcoreous and tuffaceous 
metasedimentary rocks. 


r Total thickness 1,000+ feet 


4 Dominantly metamorphosed felsic 
ry volcanic breccia with associated 
A tuffs and rhyolitic flows. 


Total thickness I5,000+ feet 


Dominantly metamorphosed felsic 
crystaHithic tuffs with interlayered 
metavolcanic breccias, flows, 

and calcareous and tuffaceous 
metasedimentary rocks. 


MESOZOIC 


c= Total thickness 16000 feet 
1 Sef 
SE Pelitic hornfels, one major 
> 
So marble unit. 
e. Total thickness 7,250 feet 
ac | 
| 
Alternating pelitic hornfels and 
calcareous quartz sandstone. 
| 
| 
Total thickness 10,500 feet 
-| eee Alternating thin—bedded pelitic 
Fault hornfels, slate, marble , and 
OU calcareous quartz sandstone. 
3 <= Marble unit at base. 
O) 
Total thickness 14,750 feet 
Fossil localities 
Ordovician @—@® Permian (?) 
©—@ Pennsylvanian @ Lower Jurassic 


@ Indeterminate ammonites 


FictRE 2.—GENERALIZED COLUMNAR SECTION OF PALEOzOIC AND Mesozoic METAMORPHIC ROCKS IN 
THE MAMMOTH LAKES REGION, CALIFORNIA 
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Mesozoic stratigraphy in the Ritter Range 
pendant.—The contact between the Paleozoic 
and Mesozoic strata appears to be conformable 
in the Devils Postpile quadrangle where it 
is best exposed. In the Mount Morrison quad- 
rangle faulting obscures the nature of the 
contact. The Mesozoic sequence is best pre- 
served in the Ritter Range pendant and con- 
sists chiefly of felsic metavolcanic tuffs and 
flows with minor interbedded calcareous and 
tuffaceous metasedimentary rocks. Some shear- 
ing and minor folding occurs, but there appears 
to be little likelihood of major repetition by 
folding or faulting east of the North Fork of 
the San Joaquin River. The total Mesozoic 
sequence exceeds 30,000 feet in thickness. 

The Early Jurassic fossils described in this 
note occur in a narrow belt of calcareous meta- 
sedimentary rocks which is interbedded with 
the metavolcanic rocks and which lies ap- 
proximately 10,000 feet stratigraphically above 
the base of the Mesozoic sequence. The rocks 
below the fossil-bearing beds consist of rela- 
tively uniform crystallithic tuffs and a few 
minor flows (Fig. 2). 


Paleozoic Fossils 


Fossils ranging in age from Early Ordovician 
to Permian(?) were collected from more than 
20 localities in metasedimentary formations in 
the Mount Morrison pendant. The localities 
that yielded the best preserved and most sig- 
nificant fossils are indicated on Figure 1. 

Ordovician fossils —Graptolites collected from 
the lower part of the stratigraphic section 
(localities 1-5) were examined by R. J. Ross, 
Jr., of the U. S. Geological Survey, and noted 
to have a possible range in age of Early Ordo- 
vician to Early Silurian. According to Ross 
(written communication, 1958), material from 
locality 1 contains Tetragraptus cf. T. frutico- 
sus (Hall) and is of Arenig age. Material from 
locality 5 “shows surprisingly good preserva- 
tion” and contains Orthograptus sp., Climaco- 
graptus bicornis (Hall), Climacograptus cf. 
C. bicornis var. tridentatus (Lapworth), and 
Dicranograptus sp. Ross regards this collection 
as Caradoc, possibly Middle Caradoc. Material 
from localities 2, 3, and 4 is less well pre- 
served but is possibly Caradoc to Early Silurian 
in age, probably Ordovician. According to R. 
J. Ross, Jr. (written communication, 1958), 
“this graptolite fauna is correlative with those 
reported from the Vinini, Valmy, and Palmetto 
formations of Nevada, from the Phi Kappa 
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formation and Ramshorn slate of Idaho, ang 
from the Ledbetter slate of Washington.” 

Pennsylvanian fossils —Brachiopods, togethe; 
with some fragmental horn corals and bryo. 
zoans, were collected from several localitie 
in a marble unit in the upper part of the Paleo 
zoic sequence (localities 6-13). These collec. 
tions were examined by Mackenzie Gordon 
Jr., of the U. S. Geological Survey, and he 
regards them as being of probable Early Penn. 
sylvanian age (Written communication, 1958) 
He states: 


“The best preserved lot of fossils is that from 
locality M152 [6 on map] where a typical Lino. 
productus which appears to be the one most commot 
in the Early Pennsylvanian of the western United 
States, is associated with a dictyoclostid with fin 
costae of almost equal weight and spacing as thos 
of the Linoproductus. This productid probably is 
Dictyoclostus coloradoensis (Girty), but none of the 
specimens are well enough preserved to show other 
features, such as the A ntiguatonia-like spines on the 
lateral slopes found typically in this species. The 
single productid in collection M150 [9 on map] which 
we have compared with Dictyoclostus inflatus (Mc- 
Chesney) represents a form that is common in the 
Late Mississippian (Chester equivalents) in the 
western United States and ranges up into Lower 
Pennsylvanian rocks of this region. The total as- 
semblage, therefore, contains elements that are typ- 
ical of such rocks as the lower part of the Ely lime- 
stone and the stratigraphically equivalent lower part 
of the Oquirrh formation both of the Great Basin 
region.” 


Similar material, although less well preserved, } “ 


was found at localities 7, 8, 10, 11, 12, and 13 
(Fig. 1). 

Mayo (1931, p. 515) described a crinoid stem 
and a brachiopod “thought to be near Leiorhyn- 
chus sp. (?)” collected from marble “a few 
hundred yards east of Laurel Creek, in south- 


western Mono County.” He noted that “theyg ' 


somewhat resemble mid-Devonian forms.’ 
This locality i: almost certainly within the sam¢ 
marble unit from which the suite of Pennsyl 
vanian fossils described here was collected. 
Permian(?) fossils—Additional fossil mate 
rial collected from pelitic hornfels in the upper 
most part of the Paleozoic sequence was als 


examined by Mackenzie Gordon, Jr. (Written " 


communication, 1958). He states: 


“The only collection that contains enough fossils 
to be termed an assemblage is that of the conglo- 
meratic hornfels at locality M158 [15 on map] with 
bryozoans and brachiopods. The chonetid in this 


assemblage is of a type with deep, moderately wide 


sinus, which occurs commonly in Permian rocks 0 
the western United States, and its occurrence toy 
gether with small productids with a heavy plat 


form inside the ventral valve suggests 4 possible 
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Permian age for the beds. The single fragment of a 
Neospirifer found at locality M160 [14 on map] 
has rather weak fasciculation and prominent sub- 
angular margins bordering on the sinus in the ven- 
tral valve. This is much like N. bakeri (King) of 
the Middle Permian of west Texas. In summary, 
although no well-preserved fossils are present in this 
stratigraphic unit, its fauna suggests possible Per- 
nian age. The genera involved, however, are rather 
lng-ranging ones found also in Pennsylvanian and 
Mississippian rocks.” 


Mesozoic Fossils 


In 1941 fossil pectens were reported from 
metasedimentary rocks on the north side of 
Gamet Lake (Loc. 16 on Fig. 1) in the Devils 
Postpile quadrangle. Specimens collected at this 
tine by a group of Sierra Club campers were 
posited with the California Academy of 
Siences where they were regarded as being of 
larly Jurassic or Late Triassic age (Sierra 
(lub, 1941, p. 19). This identification was made 
y L. G. Hertlein of the Academy (Written 
wmmunication, March 1958). 

During the present mapping additional 
material was collected from this locality and 
ms examined by N. J. Silberling of the U. S. 
ological Survey (written communication, 
958) who states that: 


“Most of the fossils obtained are the distorted 
ud fragmentary impressions of large pectenoid 
xlecypods. Based on the nature of their ribbing, 
wme of these can be assigned to the genus Weyla, 
tich is known only from the Lower Jurassic. 
(nfortunately, none of the available specimens are 
aficiently well preserved for specific identification. 
hofessor S. W. Muller of Stanford University, 
tho is currently preparing a monograph on the 
aus Weyla, has been kind enough to examine the 
mterial and is in agreement with the generic de- 
tmination. Other pectenoid forms in the collection 
vith more numerous and more nearly equal ribs 
ad interspaces are provisionally assigned to 
Aequipecten, the first occurrence of which is in the 
lower Jurassic. 

“In addition to these pelecypods the only other 
teognizable fossils in the collection are solitary 
corals, crinoid columnals, and an indeterminate 
concentrically-ribbed pelecypod. The corals super- 
ically resemble the stylophyllid corals associated 


vith Weyla in the Sunrise formation of Early Juras- 
sc age (Muller and Ferguson, 1939, p. 1611-1612) 
that outcrops in western Nevada about 75 miles 
tortheast of the Garnet Lake locality.” 
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A few specimens of indeterminate ammonites 
were collected from near the Minaret mine in 
the Devils Postpile quadrangle (Loc. 17 on 
Fig. 1). They occurred in a calcareous tuff 
approximately 5000 feet  stratigraphically 
above the Garnet Lake locality. Although too 
poorly preserved for identification the fossils 
indicate a marine environment, and the forms 
they most closely resemble are not incompatible 
with the Early Jurassic age indicated by the 
pectens. 


Significance of Fossils 


The fossils collected from the metamorphic 
rocks in the two pendants are of particular 
importance as they permit for the first time the 
recognition of Ordovician rocks in the Sierra 
Nevada, Permian and Carboniferous rocks in 
the Sierra outside of the western Sierra foothill 
belt, and Lower Jurassic rocks in the Sierra 
south of the American River drainage basin. 
In addition they represent the only diagnostic 
fossils reported from a 200-mile segment of the 
belt of discontinuous roof pendants in the 
High Sierra. 
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In the immediate vicinity of Jackman, north- 
yetern Maine, a quartz monzonite stock about 
?miles in diameter intrudes Lower Devonian 
date, Upper Silurian conglomerate and calcar- 
es sandstone, and pre-Upper Silurian porphy- 


chlorite, clinozoisite, etc.; plagi 
clinozoisite 


nie quartz monzonite. Although most of the 
sock lies beneath Wood Pond, the younger 
wartz monzonite is well exposed on Hog Island, 
ad the contact is exposed on the slope of Sally 
Mountain on the west side of Wood Pond. The 
qntact effects around the stock include the 
tevelopment of cordierite hornfels in the slate, 
/dcale-silicate minerals in the calcareous sand- 
Stone, and recrystallization of biotite in the 
quartz monzonite. Cordierite has 
ben observed in rock containing fossils that 
tablish the geologic age of the sediments. The 
stratigraphic section and important fossils are 
' lsted in Table 1. 

__Boucot identified and dated the brachiopods. 
_ Geological mapping of the contact and sur- 
‘‘ounding area is by Albee and E. L. Boudette. 
i Earlier more general investigations of the ge- 
j ogy of the area were reported by Boucot 
hes Ph.D. Thesis, Harvard University) and 
+ by Hurley and Thompson (1950). 

_Age measurements have been made on bio- 
tite from the post-Oriskany quartz monzonite 
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and from the pre-Upper Silurian quartz monzo- 
nite, on the cordierite hornfels containing fos- 
sils, and on three samples of Seboomook slate 
(Perkins, 1925) from the surrounding area 
(Table 2). 


TABLE 1.—STRATIGRAPHIC SECTION AND IMPORTANT FossIts NEAR JACKMAN, MAINE 


Leptoceolia flabellites, about 34 mile north 
of the contact with the stock. Spiriferoids 
of Oriskany type in the cordierite hornfels 

sandy Brachiopods Protathyris sp. and Chonetes 
jerseyensis, near Fox’s Camp, about 4 
miles west-northwest of the contact with 
the stock. Less diagnostic brachiopods of 
Silurian age, near Mud Pond, about 0.9 
mile west of contact with stock. 


Prst-Oriskany Biotite quartz monzonite and bordering 
contact-metamorphic rocks 

lower Devonian Seboomook slate of Perkins (1925) 

Oriskany) 

(per Silurian Calcareous slate, argillaceous and 
limestone, conglomerate, and calcare- 
ous sandstone 

te-Upper Silu- Porphyritic quartz monzonite with coarse 

tian megacrysts of K feldspar. Hornblende 


and biotite are extensively altered to 


oclase 


somewhat altered to white mica and 


The ages are calculated on the basis of Ae = 
580 10° yr7; A = 5.30 10% 
for potassium 40 K* = 1.22 x 10~* g/g K; and 
As = 1.39 X yr. for rubidium 87. Po- 
tassium analyses were by Perkin-Elmer flame 
photometer using Li internal standard. Argon 
analyses were by isotope dilution, using Ar** as 
a measure of air contamination. Reproduci- 
bility of argon analysis has been found to be 
normally better than 2 per cent and in potas- 
sium analysis, between separate solutions, 
better than 2 per cent if more than one photo- 
metric measurement is made on each solution.! 
Because the whole-rock samples are probably 
less homogeneous, the reproducibility for total- 
age measurements on whole rocks is estimated 
to have an upper limit of 5 per cent. Interlab- 
oratory analyses of a standard sample compared 
to the argon content of air lead us to believe 


1A report on analytical procedures and tests of 
precision and accuracy is in preparation 
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TABLE 2.—K-AR AND RB-SR AGES SHOWING MINIMUM AGE OF LOWER DEVONIAN tha 

IN SECTION NEAR JACKMAN, MAINE . 

Samples with prefix R are whole rocks analyzed at Massachusetts Institute of Technology, those witi 11 
prefix B are biotites analyzed at Massachusetts Institute of Technology, and those with prefix Me. arf > ¥ 
biotites analyzed by the U. S. Geological Survey. Ps 

| (92 

| | Air Cor- ag 

Sample No. Locality K (per cent) | Art/K« | Fection Age (my) § 
| cent) (Be 
(33 
B-3609 Quartz monzonite, southwest corner of Hog 5.49 | .0231 | 16.0 360 + 17 2 
Island, Wood Pond, Attean quad., Me. 5.59 | .0239| 5.5 370 +17 > 

45° 37.45'N., 70° 16.85’ W. 5.56 | .0233| 0 362 £15 
5.49 
qua 

Av. 5.53 Av. 364 + 10 the 
Me-10 Same as B-3609 7.01 | .0226| 4.3 353 £10 | 
R-3883 Cordierite hornfels containing spiriferoids of 2.84 | .0243 | 0 365 + 10 
Oriskany age, edge of Wood Pond, Jack- 2.86 o 
man, Me. 
Av. 2.85 in 
R-3447 Seboomook slate,* 4.5 miles northwest of 2.61 | .0244; 3.0 377 + 18 - 
Jackman on Rte. 201, Attean quad., 45° 2.71 “ 
41.48’N., 70° 16.95’W. 
Av. 2.66 
R-3444 | Seboomook slate, Rte. 201 at Jackman 3.29 | .0238| 1.8 36815 J 
Field, 2 miles north of Parlin Pond, Long 3.26 dat 
Pond quad., 45° 33.18’N., 70° 7.56’W. — io 
Av. 3.27 
R-3448 Gray Seboomook slate, Rte. 15, 5 miles east 2.57 | .0224 | 12 350 + 15 fa 
of Jackman, west end of Long Pond, Long 2.59 indi 

Pond quad., 45° 37.58’N., 70° 9.63’W. 
Av. 2.57 nic 
B-3593 Porphyritic quartz monzonite, much chlori- 3.74 | .0229} 3.2 356 + 15 pe 
tized, small island in Attean Pond, Attean abu 
quad., 45° 33.85’N., 70° 18.60’W. F 
that 
Me-9 Two separate biotite concentrates from same 4.47 | .0236 | 17 366 + 10 | 
location as B-3593 4.01 | .0236 32 366 +10 
took 
Sample No. Locality Sr ppm | Rb ppm jo ¢Sr8/Rb® | Rb-Sr Age | men 
pres 

ila 
B-3609A | Same as B-3609, except purer bictite con- | 46.1 | 472 | .720 | .00538 | 360 + By yes 
centrate | 

* Of Perkins (1925) : We 
t Radiogenic Rul 


~ 
er 
if 
a 
q 
“ts 
: 
a 


377 + 18 


368 + 15 


350 + 15 


356 + 15 


366 + 10 
366 + 10 


Rb-Sr Age 


360 + 2 


tat absolute errors of the argon analyses are 
not over 2 per cent. 

Age measurements by Lyons ef al. (1957, 
Table 5) using the Pb-alpha method on zircons 
fom granitic rocks in this area gave somewhat 
yunger values. Two of these measurements 
(20 m.y., 316 m.y.) were on the Katahdin 
ganite which is also post-Oriskany in age 
(Boucot, 1954). Three of the measurements 
(30 m.y., 302 m.y., 322 m.y.) were made on 
amples thought to be from the post-Oriskany 
quartz monzonite near Jackman, but which are 
nov known to be from an area within the pre- 
Upper Silurian quartz monzonite. This suggests 
that the zircons from the pre-Upper Silurian 
quartz monzonite have been recrystallized by 
te later metamorphism and will not give a 
“ue” age. It would be desirable to confirm by 
lad-isotope age measurements this metamor- 
phic recrystallization of zircon, inasmuch as 
icon commonly retains the “true” age of meta- 
norphosed rocks (Tilton e¢ al., 1958). 

Petrographic and X-ray study by Albee 
tows that metamorphic recrystallization was 
atensive, and detrital and authigenic potas- 
sum-bearing minerals almost certainly do not 
rmain in the slates in sufficient quantity to 
fect the measurements of the age of the meta- 
norphic minerals. The muscovite and chlorite 
ae relatively coarse-grained and commonly 
mented in a systematic relationship to the 
iaty cleavage. Potassium feldspar was not ob- 
«ved, and plagioclase feldspar is not abun- 
dant; hence essentially all the potassium in the 
ate seems to be in muscovite. X-ray-diffrac- 
tion study, including heat and glycol treatment, 
adicates that the character of the muscovite 
ad chlorite is unlike that of the authigenic 
nica and chlorite normally found in sedimen- 
try rocks. Moreover, montmorillonite, kao- 
inte, and mixed-layer minerals, which are 
abundant in argillaceous sediments, are absent. 

From these measurements it is concluded 
that the age of the quartz monzonite and the 

time of metamorphism of the slates is at least 
_ my. Therefore, the Oriskany sedimentation 
' took place prior to this time. This is in agree- 
_ ment with the findings of Fairbairn ef al. (in 
press), in Nova Scotia, where sediments of sim- 
"ilar age have been intruded by granitic rocks 
_ tear Nictaux. Similar ages ranging from 320 to 
i i80m.y. have been reported for the latest major 
| tetamorphic event all along the Appalachians 
) (Wasserburg et al., 1957; Carr and Kulp, 1957; 
’ Kulp et al., 1957; Long and Kulp, 1958; Tilton 
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et al., 1958). This age has tentatively been cor- 
related with the Late Ordovician,Taconic orog- 
eny (Long and Kulp, 1958, p. 603), but our 
results indicate that this major metamorphic 
event was post-Early Devonian. 
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those witi 
fix Me. ar 
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360 + 17 | 
370 + 17 
362 + 15 

364 + 10 
353 + 10 
365 + 10 


